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The main routes

of transmission of Maedi-visna virus (MVV), an ovine lentivirus, are thought to be through
ingestion of infected colostrum and/or milk, or inhalation of respiratory secretions. Whereas oral
transmission appears to be mediated via uptake of virus by small intestinal epithelial cells, the mechanism of
virus uptake in the respiratory tract is as yet unknown. Recent studies have identified intra-tracheal
inoculation as a highly efficient route of experimental MVV infection compared to upper respiratory tract
exposure. However it is unclear which parts of the respiratory tract are responsible for this highly efficient
uptake of virus. Using an ovine tracheal organ culture model it was found that tracheal mucosa was
infectable with MVV, but this infection was inefficient and non-productive, with doses of>lx 105 TCID5()
required for detectable infection. Virus containing cells were located in a sub epithelial location within 12
hours post-infection, but never in the tracheal epithelium. In addition, mechanical disruption of the
epithelium resulted in a significant increase in virus uptake. These results suggest that tracheal epithelium
acts as a barrier to MVV uptake, and is not a primaty target for MVV. Immunohistochemical (II1C) analysis
of tracheal mucosa identified an extensive network of sub-epithelial dendritic cells in the same location as
provirus positive cells, suggesting uptake of MVV by the trachea is mediated by dendritic cells. In vivo
tracking of intra-tracheal inocula using patent blue dye demonstrated exposure of both trachea and lower
lung. Differential exposure of trachea and lower lung to MVV demonstrated lower lung to be significantly
more efficient at MVV uptake. It was shown that virus instilled into the lower lung is taken
up by alveolar
macrophages (AMs), and that MVV-infected AMs are capable of transferring virus into the body. In vivo
tracking of MVV infected AMs with PKII 26 dye failed to demonstrate migration of AMs from the lung
airspace, suggesting that during infection, virus is transferred from AMs into the body via an indirect route.
It was hypothesised that lower lung inflammation may play a key role in initial MVV entry into the body via
recruitment of viral target cells, namely macrophages and dendritic cells, and that infected AMs may play a
central role in this inflammation. Real-time PCR analysis of in vivo infected AMs demonstrated a significant
up-regulation of granulocyte macrophage colony stimulating factor (GM-CSF) 7 days post-infection, but
failed to demonstrate an increase in the expression of other pro-inflammatory cytokines. Histopathological,
IHC and real-time PCR analysis of virus treated lung tissue failed to detect an early inflammatory response.
This suggests that inflammation is not a key feature of initial virus entry, and that up-regulation of GM-CSF
in AMs, which may play a role in virus entry, is a specific event and not part of a generalised inflammatory
response. These results suggest that respiratory transmission of MVV may be mediated by lower lung
exposure to virus, that virus is take up either by dendritic cells or AMs prior to dissemination throughout the
body, and that a general inflammatory response is not requiredfor infection via the respiratory tract.
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CHAPTER 1

INTRODUCTION

1

ovine lentivirus

1.1 Maedi-visna virus:

an

Maedi-visna virus

was

of progressive

(MVV)

initially isolated and characterised following outbreaks

paralysis (visna) and progressive pneumonia (maedi) in Icelandic sheep

flocks between 1939 and 1952. Transmission of the disease to

tissue

preparations from infected animals

Siggurdsson et ah, 1957) and
disease conditions

a

single virus

as

"slow"

genus

was

was

shown to be responsible for both

used to define

(Siggurdsson, 1954). This

from acute viral infection and

slow]

demonstrated (Siggurdsson et ah, 1953;

(Gudnadottir and Palsson, 1967). The long interval between MVV

and onset of MVV mediated disease

disease

was

healthy animals using

prompted the

was

a new

form of virally

induced

to distinguish the disease process

name

of the lentivirus [lentus (lat.)

=

of which MVV is the prototypic member.

MVV has been

subsequently reported in most sheep-producing countries including

Belgium, Brazil, Bulgaria, Canada, Czechoslovakia, Denmark, Ethiopia, Finland,
France, Germany, Greece, Holland, Hungary, India, Israel, Italy, Kenya, Morocco,

Norway, Peru, Romania, South Africa, Sweden, Switzerland, the United Kingdom
and the United States

(Concha-Bermejillo, 1997; Sihvonen et ah, 1999; Celer, Jr. et

ah, 2000; Ravazzolo et ah, 2001; Woldemeskel et ah, 2002). The infection has not
been

reported in Australia

Lentivirinae

are

a

or

New Zealand.

subfamily of the Retroviridae family of viruses. The lentivirinae

subfamily includes, in addition to MVV, caprine arthritis-encephalitis virus (CAEV)
(Crawford et ah, 1980), equine infectious anaemia virus (EIAV) (Reagan et ah, 1950),
feline

immunodeficiency

virus

(FIV)

(Pedersen

et

ah,

immunodeficiency virus (BIV) (Boothe and Van der Maaten,
immunodeficiency

virus

(SIV)

(Letvin

2

and

Hunt,

1984)

1987),

bovine

1974), simian
and

human

immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2) (Barre-Sinoussi et al.,
1983; Coffin et al., 1986; Clavel et al., 1986). A
lentiviruses is shown in Table 1.1. MVV is most
viruses

are

often classed

together

as

of the subfamily of

summary

closely related to CAEV and these

small ruminant lentiviruses (SRLVs) (Leroux et

al., 1997). Indeed, it has been shown that the same lentiviral genotypes can be found
within both

sheep and goat populations (Leroux et al., 1997), and there is evidence to

suggest that SRLVs can be directly transmitted from goats to sheep and vice versa

(Shah et al., 2004; Pisoni et al., 2005).

Like all members of the retroviridae, MVV possesses a
RNA genome

1977),
via

a

an

(ssRNA) of which 2 copies

are

positive

packaged

per

sense,

single-stranded

virion (Brahic et al.,

RNA dependent DNA polymerase (Lin and Thormar, 1970), and replicates

DNA intermediate known

exception of EIAV which

as

the

provirus (Haase and Varmus, 1973). With the

cyclical disease episodes, the lentiviruses

causes

cause

progressively debilitating disease, usually with slow onset (Haase, 1986). All
lentiviruses

exhibit

tropism

for

monocyte/macrophages,

but

unlike

the

immunodeficiency viruses, SRLVs do not infect lymphocytes (Pepin et al., 1998).
SRLV infections

organs
et

are

characterised

by progressive inflammatory lesions in various

without immunosuppression (Harkiss et al., 1991; Cadore et al., 1993; Mornex

al., 1994; Cadore et al., 1996).

3
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1.2 Genomic

organisation of MVV

The lentiviruses possess a
structural genes
small open

complex genomic structure which, in addition to three

{gag, pol and env) typical of all retroviruses, contains

number of

reading frames (ORFs). These ORFs encode auxiliary proteins involved in

the control of viral

replication (Pepin et al., 1998).

Eight MVV isolates have been sequenced. Four of these
1514 strain
et

a

are

variants of the Icelandic

(Sonigo et al., 1985; Braun et al., 1987; Staskus et al., 1991b; Andresson

al., 1993) while the others include South African-ovine maedi visna virus (SA-

OMVV) (Querat et al., 1990),

a

British isolate EV-1 (Sargan et al., 1991), and

Portuguese isolate PIOLV (Barros et al., 2004). The viruses of these 4 strains
a

similar

genome

is shown in Figure 1.1.

is generated by normal host cell transcriptional machinery, it

resembles normal messenger
and its 3' end is

contain short
the 5' cap

U5

possess

genomic structure with only minor differences. A basic outline of the MVV

As the RNA genome

U5

a

RNA in that its 5' end has

a

methylated

cap structure

polyadenylated (Goff, 2001). The 5' and 3' ends of the RNA

repeated

sequences

('R' sequences) which

are

genome

located immediately after

and just before the poly(A) tail. Downstream from the 5' R

sequence

region. Similarly, the U3 region is located upstream from the 3' R

is the

sequence.

The

region contains the primer binding site used for initiation of proviral DNA

synthesis (Sonigo et al., 1985; Sargan et al., 1991). During the synthesis of proviral
DNA, the 5' and 3' ends of the viral genome are duplicated and a copy of each

transposed

so

that the DNA provirus has identical terminal regions known

terminal repeats

as

long

(LTRs) consisting of U3, R and U5 regions (Goff, 2001). The U3

region contains the enhancer-promoter elements for initiation of RNA transcription
5

(Sonigo et al., 1985; Hess et al., 1986). Further target
are

involved in

sequences present

in the LTR

integration and transcription of proviral DNA, and post-transcriptional

modification of MVV

MVV appears to

transcripts (Section 1.4).

have

less complex pattern of ORFs than HIV-1, the most

a

extensively studied lentivirus. Potential homologues to the HIV ORF proteins Tat
(Gourdou et al., 1989), Rev (Tiley et al., 1990) and Vif (Strebel et al., 1987; Audoly et
al., 1992) have been described in MVV. In addition to these three ORFs, which are
known to

produce functional proteins, SA-OMVV contains

(Querat et al., 1990), although there is
While Rev and Vif appear to
Tat

protein

appears to act

in

no

a

novel ORF termed W

evidence for translation of this

sequence.

be functionally homologous to the HIV proteins, MVV
a

quite distinct

manner.

Whereas HIV-1 Tat protein is

a

potent transactivator of lentivirus transcription, Tat peptide in MVV and CAEV
appears to

have little

or no

transactivation function (Villet et al., 2003b). In

study, the function of SRLV Tat appeared to be

more

of HIV-1

appear to

(Villet et al., 2003a). MVV does not

HIV-1 ORFs vpu, or

a

further

similar to that of the Vpr protein
encode homologues for the

nef. The regulatory proteins will be discussed in greater detail in

section 1.3.2.
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1.3 Virus structure

1.3.1 Virion

morphology

Virions of MVV

are

enveloped particles of 70-120nm in diameter (Thormar, 1961;

Coward et

al., 1970; Lee et al., 1996b). Their surface contains clusters of spikes

which

believed to represent

are

the envelope glycoproteins (Dubois-Dalcq et ah,

1976). The internal nucleocapsid,

or core,

has

a

distinctive bar-shaped structure

typical of lentiviruses (Gonda et ah, 1985), and is 30-40nm in diameter (Thormar,
1961).

1.3.2 Viral

proteins

1.3.2.1 Structural viral proteins

MVV structural

proteins

are

coded for by gag,pol and

env genes:

1.3.2.1.1 The gag gene

The gag gene

glycosylated

encodes for three proteins derived from intracellular cleavage of a

precursor

protein known

as

non-

Pr55gag: the capsid (p25), the nucleocapsid

(pl4) and the matrix (MA) protein (pl7) (Vigne et al., 1982; Carey and Dalziel,
1993). The MA protein is responsible for the association of the
cell

gag precursor

with the

plasma membrane, and within the virus particle, the MA protein is localised

between the viral membrane and the viral

8

capsid protein (Pepin et al., 1998). The

capsid protein, which is the most abundant protein of the virion, forms the
hydrophobic

core

of the virion inside which is located the viral

capsid protein, the nucleocapsid protein coats the viral RNA

genome.

genome

Within the

(Joag et ah,

2001).

1.3.2.1.2 The

The

env

env

gene

gene

encodes for the viral glycoprotein. As for other retroviruses, the

glycoprotein is synthesised
cleaved

by

a

as a

glycosylated

precursor

protein (gpl60) which is then

host cell protease into two subunits: the surface glycoprotein (SU;

gpl35) and the transmembrane glycoprotein (TM; gp46) (Vigne et ah, 1982). The TM

protein contains

a

hydrophobic region which is anchored in the membrane lipid

bilayer and the SU glycoprotein is non-covalently linked to the TM protein. The
hydrophobic region of the TM protein mediates cell membrane fusion events (Crane
et

ah, 1991) and is located 78-100 amino acids from the N-terminus of the protein,

resulting in

a separate

location of the

cytoplasmic domain (Sonigo et ah, 1985). A similar internal

hydrophobic signal

sequence

has also been reported for FIV and SIV

(Stephens et ah, 1992; LaBranche et ah, 1995). The functional importance of this
cytoplasmic domain of TM in MVV is unclear, although in SIV and FIV it
be

involved

in

intracellular

transport

and membrane expression of envelope

glycoproteins. Sialic acid residues have been demonstrated
particles (August et ah, 1977). However, the levels do not
and

no

clear functional role has been

where the residues
from

are

appears to

on

the surface of MVV

appear as

high

as

in CAEV,

assigned to them. This is in contrast to CAEV

believed to have

an

important role in protection of the virus

neutralising antibodies (Huso et ah, 1988).

9

The

envelope glycoproteins contain

many

biologically important determinants

including the determinants of virus-cell receptor interactions (Hotzel and Cheevers,
2001; Hotzel and Cheevers, 2002), virus induced cell-fusion (Crane et ah, 1988;
Crane et

ah, 1991; Sanchez et ah, 2002) and the main epitopes for virus neutralising

antibody (Scott et ah, 1979; Carey et ah, 1993; Huso, 1997).

1.3.2.1.3 The

The

pol

pol gene

gene

of MVV encodes the viral

enzymes

RNA dependent DNA polymerase

(reverse transcriptase, RT), integrase (IN), dUTPase and

a

viral protease (Sonigo et

ah, 1985; Sargan et ah, 1991; Pepin et ah, 1998). Pol gene products

produced

as a

gag-pol

the viral protease

precursor,

are

believed to be

prl50 (Vigne et ah, 1982; Sonigo et ah, 1985) which

cleaves to liberate the pol

Antiviruses, it is thought that this

precursor

slippage in the gag-pol overlap leading to

a

gene

products. By analogy with other

polyprotein is generated by

a

frame-shift during translation,

ribosomal
as gag

and

pol ORFs lie in different reading frames (Jacks et ah, 1988; Goff, 2001). A potential
ribosomal

slippage

MVV genome

sequence

(AGGGAAA) has been identified in this location in the

(Querat et ah, 1990; Sargan et ah, 1991).

All RTs contain two separate

activities present in two separate domains:

polymerase in the aminoterminal domain able
an

RNA

to

a

DNA

incorporate deoxyribonucleotides

on

template, and RNase H activity within the carboxyterminal domain able to

degrade RNA in duplex form (Tanese and Goff, 1988). The MVV RT has been
characterised and

activity and

Antiviruses, including

an

enzyme

requirements

are

similar to those of other

absolute requirement for divalent cations for polymerase
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activity in vitro, and
et

a

preference for

Mg2+

over

Mn2+ (Lin and Papini, 1979; Sargan

al., 1992).

There is

debate

some

that MVV

can

regarding the importance of MVV IN: it has been demonstrated

productively infect sheep choroid plexus (SCP) cell without detectable

integration (Harris et ah, 1984). However, subsequent studies demonstrated that
purified MVV IN

possesses a

fully functional integration capacity (Katzman and

Sudol, 1994; Stormann et ah, 1995), and that while the majority of MVV provirus in
SCP cultures remains

unintegrated,

Haase, 1997). In addition, it

was

a

small proportion does indeed integrate (List and

shown that mutations in the IN

replication within SCP cells, suggesting that integration
MVV

may

be

gene

an

abolished MVV

obligatory step in

replication (List and Haase, 1997).

The gene

encoding the dUTPase

coding regions of the pol

gene,

enzyme

is located between the RNase H and IN

and is present in most members of the lentiviridae

family including MVV, CAEV, FIV and EIAV, but not by primate lentiviruses (Elder
et

ah, 1992). This enzyme appears to decrease the frequency of G-to-A mutations in

the viral genome,

the viral DNA

presumably by reducing the natural misincorporation of dUTP into

(Lindahl and Wood, 1999). The importance of dUTPase in viral

replication is unclear: dUTPase deficient CAEV and EIAV replicate

more

slowly in

macrophages in vitro (Steagall et ah, 1995; Turelli et ah, 1996), and dUTPase
deficient CAEV and FIV exhibit attenuated behaviour in vivo

Turelli et ah,

1997). In contrast, dUTPase-deficient MVV

(Lerner et ah, 1995;

appears to

pathogenicity in vivo compared to wild type virus, although viral loads

exhibit similar
are

higher with

wild-type virus (Petursson et ah, 1998). It is not clear what effect dUTPase mutation
has

on

the

long-term survival of the vims.
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1.3.2.2

MVV

Auxilliary viral proteins

auxiliary proteins

are

encoded for by three

genes: rev, tat

and vif (Clements and

Zink, 1996):

1.3.2.2.1 The

The

rev

gene

product of the

rev gene

encodes for

a

19kDa protein expressed early in the MVV

lifecycle (Mazarin et al., 1990). MVV Rev protein exhibits considerable
homology to Rev protein of HIV-1, including
activation domain

as

a

an

sequence

RNA binding domain, and

an

(Tiley et al., 1991). This activation domain has been shown to act

potent nuclear export signal (Meyer et al., 1996). Lentiviral Rev protein is

produced from fully spliced viral mRNAs, whereas structural lentiviral proteins and
new

viral genomes are

derived from incompletely spliced

or

unspliced mRNAs

(Sonigo et al., 1985; Gudmundsson et al., 2003). In studies in HIV, it has been
demonstrated that in the absence of Rev,

transcripts

are

these larger incompletely spliced viral

confined to the nucleus where they

are

either degraded

or

spliced to

completion (Felber et al., 1989; Malim and Cullen, 1993). Rev protein is therefore
thought to be involved in the export of these larger viral mRNAs from the nucleus,
thus

sparing them from nuclear degradation and allowing production of new virions.

Interaction of Rev
Rev

protein and viral mRNAs

appears to

be mediated via the binding of

protein to the Rev responsive element (RRE) within the 5' end of the

env gene

(Tiley and Cullen, 1992), and in addition to activating nuclear export mechanisms,
binding of Rev is thought to package viral transcripts into rod-like nucleoprotein
complexes which

are

resistant to the cellular splicing machinery (Heaphy et al.,

1991). Supportive evidence for the key role of Rev in MVV replication
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comes

from

an

in vitro

ofMVV

study which demonstrated that Rev

was

essential for productive infection

(Tooheyand Haase, 1994).

1.3.2.2.2 The tat gene

The tat gene

encodes for

stimulating viral

gene

a

lOkDa protein which

first described for its role in

expression directed by the viral promoter located in the 5' LTR.

This transactivation function is
in the U3

was

thought to be mediated AP-1 and AP-4 binding sites

region of the viral LTR (Hess et ah, 1986; Gabuzda et ah, 1989; Gdovin and

Clements, 1992; Neuveut et ah, 1993; Morse et ah, 1999). However, recent studies
have demonstrated that, in contrast to the Tat
which

strongly transactivate their LTRs, SRLV Tat proteins exhibited little

transactivation function under normal

(Villet et ah, 2003a),

an

or no

physiological conditions (Villet et ah, 2003b).

Further studies showed that SRLV Tat
arrest

proteins of HIV, SIV, BIV and EIAV,

protein

was

capable of mediating cell cycle

important function of HIV-1 Vpr protein (Re et ah,

1995), and suggested that SRLV Tat protein is

more

functionally similar to the Vpr

protein rather than the Tat protein of HIV-1. It has also been shown that unlike the
HIV Tat

protein, CAEV Tat protein is not required for efficient viral replication in

vitro and in vivo

Another
chronic

(Harmache et ah, 1995b).

possible role of Tat protein in MVV infection, which is characterised by
inflammation,

may

be direct induction of inflammatory

has been shown that MVV Tat

gene

expression. It

protein is capable of induction of the cellular

transcription factor c-jun (Neuveut et ah, 1993), and has been implicated in the
induction of multi-organ

lymphoid hyperplasia in Tat transgenic mice (Vellutini et ah,

1994). In addition, Tat protein induced the expression of the pro-inflammatory
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cytokine
et

genes

IL-ip, IL-1 and TNFa after intra-cerebral injection in mice (Philippon

al., 1994).

1.3.2.2.3 The

The

vif gene

vif gene, also known

as

the "viral infectivity factor"

gene,

encodes for

a

29-kDa

protein which is translated during the late stages of MVV replication (Audoly et ah,
1992; Harmache et ah, 1995a), and is present in all known lentiviruses with the

exception of EIAV (Kawakami et ah, 1987). Studies of v//-deficient MVV, CAEV,
and HIV have demonstrated that

vif is required for efficient viral replication in vitro

(Kristbjornsdottir et al., 2004; Harmache et al., 1995a; Simon et al., 1999), and that vif
is essential for in vivo

infectivity and pathogenesis of MVV and CAEV (Harmache et

al., 1996; Kristbjornsdottir et al., 2004). Although the function of Vif is not yet

known, it is postulated that Vif acts at the level of late stage virus formation and
release. Recent work in HIV-1 suggests

that

a

main function of Vif protein in this

virus is to counter G-to-A mutations in viral DNA induced
et

al., 2003; Conticello et al., 2003; Santa-Marta et al., 2005). It is unclear whether

this is
et

by cellular proteins (Harris

a

main function of Vif in SRLVs

al., 1992),

an enzyme

demonstrated that
mutation

which

as

these viruses also possess

serves a

similar function. However, it has been

disruption of the MVV vif

gene

frequency (Kristbjornsdottir et al., 2004).
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dUTPase (Elder

results in increased proviral

1.4 MVV

In

lifecycle

common

with other lentiviruses, MVV

characteristically displays

very

patterns of replication in vitro and in vivo (Carey and Dalziel, 1993). In
cells in vitro, MVV causes extensive
multinucleate
medium

permissive

cytopathic effect (CPE) with formation of

giant cells and the release of free infectious virus into the culture

(Siggurdsson et ah, 1960). However, while the basic pattern of

transcription and viral
vitro and in vivo,
more

different

gene

expression is believed to

occur

reverse

via similar mechanisms in

the latter is subject to greater constraint. This will be described in

detail in section 1.4.7.

1.4.1 Cell

tropism

Cells of the

lineage

are

monocyte-macrophage lineage and the myeloid dendritic cell (DC)

the primary host cells for replication of SRLVs in vivo (Gendelman et ah,

1985; Narayan, 1989; Brodie et al., 1995b; Ryan et al., 2000). There is evidence that
other cell

types are also infected in vivo, including mammary epithelial cells

(Carrozza et al., 2003), bronchiolar epithelial cells (Staskus et al., 1991a; Gelmetti et
al., 2000), type I and II pneumocytes (Carrozza et al., 2003), endothelial cells

(Georgsson et al., 1989; Carrozza et al., 2003) astrocytes and oligodendrocytes (Sanna
et

al., 1999), choroid plexus epithelial cells and fibroblasts (Georgsson et al., 1989).

However, it appears that while viral entry is not restricted to monocyte-macrophages
and DCs,

productive infection in vivo

appears to

be limited primarily to these cell

types, and is also restricted to macrophages of specific tissues (Narayan et al., 1982;
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Gendelman et al., 1985; Brodie et
viral receptor

distribution

are

responsible for MVV cell tropism in vivo.

The role of the MVV LTR in

determining cell tropism has been investigated both in

vitro and in vivo. Chimeric viruses

MVV

LTR

sequences

al., 1995b). This implies that factors other than

or

reporter gene constructs containing differing

shown to exhibit different cell tropism in vitro

were

(Agnarsdottir et al., 2000; Barros et al., 2005). Using transgenic mice expressing

a

reporter gene under the control of the MVV LTR it was found that reporter gene

expression
MVV

was

primarily restricted to macrophages

or

tissues known to be targeted by

(Small et al., 1989). These studies suggest that the viral LTR is responsible in

part for cell and tissue tropism. The exact mechanism for this LTR directed cell

tropism is not known, but

may

dependent

are

gene

As indicated

appears to

and

expression

indicate that cellular factors required for MVV LTR

mainly restricted to macrophages of specific tissues.

by the number of cell types capable of MVV uptake, the MVV receptor

be widely distributed (Lyall et al., 2000; Zeilfelder and Bosch, 2001; Bruett

Clements, 2001). However, as yet the identity of the cellular receptor(s) is

unknown.

MHC

class II

chemokine receptor

antigen (Dalziel et al., 1991), CD4 antigen and the

CXCR4 (Hovden and Sommerfelt, 2002), and

membrane-associated serine/threonine kinase
been

Therefore, these proteins

may

components of an MVV receptor, or receptor complex.
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unknown

complex (Barber et al., 2000) have all

implicated in the cellular binding of MVV, although

essential for virus entry.

an

none

of these

appear to

be

represent optional auxiliary

1.4.2 Virus

In vitro

entry

experiments indicate that MVV attaches to cells rapidly, within 5-15 minutes

(August et ah, 1977; Kennedy-Stoskopf and Narayan, 1986) and with high affinity:
the rate of virus

immune

serum

binding to cells is faster than the rate of virus neutralisation by

(Kennedy-Stoskopf and Narayan, 1986). It has also been shown that

cell-associated MVV is

capable of infecting cells which

resistant to cell-free virus,

are

suggesting that another possible mechanism of virus entry is via direct cell-cell
contact

or

cell fusion

(Singh et al., 1999).

Following binding of the virus to its receptor, entry of the virion into the cell

occurs

by fusion of the virus envelope and the cell membrane and subsequent release of the
virion
the

core

into the

cytoplasm. Membrane fusion in MVV

hydrophobic region of the TM protein (Crane et ah, 1991), and

independent; that is it does not dependent
induce

a

After entry
stranded

to be pH

endosomal modification step to

transcription and proviral integration

into the cytoplasm the MVV RNA is

reverse

transcribed into double-

tRNAiys_i,2 to the primer binding site in the U5 region of the viral

polypurine tract at the 3' end of the

genome

synthesis (Goff, 2001). MVV proviral synthesis
nucleus

appears

proviral DNA by viral RT. Negative strand synthesis is initiated by binding

of cellular

a

on an

be mediated by

pH-dependent change in the conformation of the viral envelope (Goff, 2001).

1.4.3 Reverse

and

appears to

(Haase et ah, 1982) and

and cell division in vitro

appears

genome,

is used to initiate positive strand

occurs

predominantly within the cell

to be independent of host cell DNA synthesis

(Haase, 1975; Trowbridge et ah, 1980).
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In

productive infections in vitro, MVV proviral DNA is detectable within the first

hour

post-infection (Clements et ah, 1979; Haase et ah, 1982), and the tempo of

infection in vitro appears to

In tissue

1982).

be governed by the rate of proviral synthesis (Haase et ah,

culture MVV provirus is predominantly present

chromosomal DNA molecules that

of the

positive

sense

are

linear

duplexes with

a gap

as

extra-

close to the centre

strand (Harris et ah, 1981). A minor population of this

unintegrated proviral DNA is composed of two circular forms differing by the length
of

one

LTR

(Clements and Narayan, 1981; Harris et al., 1981). However, despite the

predominance of unintegrated provirus, integration
MVV

an

obligatory step in

un-integrated MVV proviral populations is unclear, although it

has been shown that for HIV-1,

un-integrated proviral DNA is not

a

good substrate

transcriptions (Sakai et ah, 1993). Several studies have attempted to correlate

lentivirus DNA forms and
In

be

replication (List and Haase, 1997).

The function of these

for

appears to

growth in vitro (Cheevers et ah, 1982; Harris et ah, 1984).

general these studies suggest that persistent, non-cytopathic infections

associated with

infections

predominance of integrated proviral DNA, whereas cytopathic

a

display

1.4.4 Viral gene

are

a

predominance of un-integrated provirus.

expression

Lentiviruses, like other retroviruses, utilise cellular transcription machinery for the
efficient

expression of the DNA provirus. Transcription of proviral DNA into

genomic and mRNA is accomplished by cellular RNA polymerase II (Goff, 2001).
The U3

region of the viral DNA

of cellular genes

known,

or

genome

contains

sequences

homologous with regions

suspected to be important for transcription (Hess et ah,

1989; Sargan et al., 1995) and transcription begins downstream of these elements. It is

thought that RNA polymerase II binds to the viral DNA at
within the U3
and

the TATA box

region. Transcription is then initiated at the U3-R junction (or

proceeds through the viral

3'LTR

or near

cap

site)

to the poly(A) sequence in the R region of the

genome

(Narayan and Clements, 1990). Thus the viral LTR acts

as a promoter

for

transcription of proviral DNA.

The control of viral gene
cellular host

proteins to

a

expression is thought to be regulated by the binding of

variety of cA-acting DNA

LTR. Studies have demonstrated that

factors AP-1, AP-4 and
the

sequences

recognition

located within the viral

sequences

AML(vis) within the viral LTR

are

for the transcription

key elements involved in

regulation of MVV transcription (Gabuzda et al., 1989; Gdovin and Clements,

1992; Campbell and Avery, 1996; Sutton et al., 1997). In addition, gene expression of
MVV may

be up-regulated by the virus Tat protein, although this transactivation

function of MVV Tat
function of Tat
not appear

such

as

protein is

open

to debate (Villet et al., 2003b). Whatever the

protein in the regulation of MVV

gene

expression, Tat protein does

to bind DNA directly, but is thought to associate with cellular proteins,

Fos and Jun,

which in turn bind to their respective DNA consensus sites

(Gabuzda et al., 1989).

Lentiviral gene

expression is characterised by

a more

complex pattern of transcription

than other retroviruses. In vitro MVV infected cells contain at least six
mRNA derived from alternative

species of

splicing of full length viral mRNA (Davis et al.,

1987; Vigne et al., 1987; Sargan et al., 1994; Gudmundsson et al., 2003). All splicing
events

utilise

a

major splice donor site located at the 3' end of the 5' LTR (Sonigo et

al., 1985; Sargan et al., 1991). During productive viral infection in vitro, viral genes
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appear to

be sequentially expressed

as

either early

or

late

genes

(Vigne et al., 1987;

Sargan et ah, 1994).

Early virus
of

gene

expression (24hours post-infection) is characterised by accumulation

doubly-spliced mRNAs of 1.4 and 1.7kb. These transcripts encode the tat and

gene

rev

transcripts respectively (Davis et ah, 1987; Mazarin et ah, 1988; Sargan and

Bennet, 1989; Tiley et ah, 1990). Late viral gene expression (72 hours post-infection)
is characterised

by accumulation of the complete

unspliced and singly spliced mRNAs encoding
(Sargan et ah, 1994; Vigne et ah, 1987). The full
on

range

gag,

pol,

range

of viral mRNAs including
env

of viral

and vif gene products
gene

transcripts based

splice donor and acceptor sites of MVV clone KV1772-kv72/76 (Andresson et ah,

1993; Gudmundsson et ah, 2003)
involved in the switch from

appears

are

shown in Figure 1.2. The exact mechanism

early to late viral

gene

expression is unknown, although it

likely to be mediated by MVV Rev protein, which is thought to stabilise

larger viral transcripts which would otherwise be spliced to completion within the
nucleus

(Felber et ah, 1989; Malim and Cullen, 1993).
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Figure 1.2
Diagramatic representation of the splicing pattern of MVV transcripts based
donor and acceptor

Gudmundsson et al.,

on

splice

sites of MVV clone KV1772-kv72/67 (Andresson et al., 1993;
2003). The

genome structure

of MVV is illustrated at the top of

the

diagram for reference. Dashed lines indicate splicing. All spliced transcripts utilise

the

major splice donor (SD) site located approximately 300 nucleotides from the 5'

end of the

unspliced viral RNA.
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1.4.5 Translation of MVV

proteins

Translation of retroviral mRNAs is believe to follow the standard
which ribosomal subunits
the RNA until

a

an

initially bind to the 5' capping

AUG initiation codon is

group

'scanning' model in

and then

move

down

recognised. Translation is terminated when

stop codon is encountered (Petersen and Hackett, 1985). In all lentiviruses, gag and

pol

genes can

either gag

be thought of as

protein

or a

a

single translational unit which is expressed to yield

gag-pol polyprotein which is subsequently cleaved by the viral

protease. The ratio of gag to gag-pol protein is approximately 10:1 (Goff, 2001). All
other

proteins

1.4.6 Virion

Little is

appear to

be produced from specific mRNA populations.

assembly and

egress

currently known regarding the specific mechanisms of MVV assembly,

budding and maturation. However, in HIV and SIV it has been shown that the
precursor

protein plays

a

gag

central role in virus assembly, and it is likely that MVV

assembly involves similar mechanisms. HIV Pr55gag and SIV Pr57gag is sufficient
for

production of virus particles in the absence of

any

other HIV

or

SIV protein

(Gheysen et al., 1989; Delchambre et al., 1989), and HIV Pr55gag is involved in the
recruitment of viral
involved in the

proteins including Pol and Env and

assembly and budding

interact with HIV

processes.

some

cellular proteins

Pr55gag has also been shown to

genomic RNA forming intermediate assembly complexes, and

transports them to the plasma membrane for encapsidation into viral particles

(Aldovini and Young, 1990; Gamier et al., 1998; Stevenson, 2000).
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MVV

assembly and budding has primarily been studied by electron microscopy of

infected cell cultures. In infected

shaped patch

on

fibroblasts, MVV virions

first

seen as a crescent-

the cell membrane which gradually bulges from the membrane until

the ends of the crescent meet to form
cell

are

a

complete envelope and the virus buds from the

(Thormar, 1961; Dubois-Dalcq et ah, 1976). This protrusion of the cell

membrane, which is characteristic of virus budding, appeared to be initiated by
attachment of viral

capsid to regions of the cell membrane slightly modified in

by the formation of clusters of globular units, suggested to be viral

env

proteins (Dubois-Dalcq et ah, 1976). This is supportive of a central role for MVV

gag

appearance

protein in virus assembly.

Interestingly, the pattern of virus budding has been shown to differ between cell types
in vitro. Whereas MVV infection of fibroblasts is marked

from the

by extensive virus budding

plasma membrane (Thormar, 1961; Dubois-Dalcq et ah, 1976), during

infection of

monocyte-derived macrophages and alveolar macrophages (AMs) virus

particles tend to accumulate intra-cellularly within intra-cytoplasmic vacuoles
(Narayan et ah, 1982; Lairmore et ah, 1987; Lee et ah, 1996b) An analogous situation
has been shown to

occur

for HIV: virus

particles bud from the cell membrane of T

cells, whereas virus accumulates in intra-cytoplasmic vacuoles in macrophages and
DCs

(Gendelman et ah,

intracellular compartments

1988; Meltzer et ah,

1990). These HIV-containing

have recently been identified

as

endosomes (Raposo et ah,

2002; Pelchen-Matthews et ah, 2003) and it has been postulated that these virus-

containing 'endosomes'

are

capable of fusing with

or

being internalised by target

cells, thus providing a mechanism of virus transfer between cells which avoids
immune surveillance

(Gould et ah, 2003). However, there is

mechanism of virus transfer.
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no

direct evidence of this

Following assembly and budding, the viral protease, incorporated into the virion

as a

gag-pol fusion protein, is activated and cleaves the Gag-Pol and Gag protein
precursors

(Goff, 2001). Cleavage of the Gag polyprotein induces major structural

rearrangements in the virus particle (Freed, 1998; Jones and Morikawa, 1998;
Morikawa et ah,

1999),

visible condensation of the virion

seen as a

release of the virus from the infected cell

demonstrated that this

core

shortly after

(Thormar, 1961). In HIV, it has been

proteolytic cleavage is essential for virus maturation and

infectivity: HIV mutants lacking protease activity synthesise non-infectious virions
which have

an

immature

phenotype, but

are

still capable of budding from the cell

(Peng et al., 1989).

1.4.7 Restricted MVV

As

replication

previously noted, MVV replication is markedly different in vitro and in vivo:

whereas MVV

replication in vitro is generally productive in

a

wide

range

of cell

types, replication in vivo is subjected to much greater constraint. As previously noted
in Section 1.4.1, MVV in vivo

exhibits strong tropism for cells of the monocyte-

macrophage lineage, and virus infection is limited to specific tissues. However, in
addition to

cell-type and tissue constraints, viral replication within infected cells in

vivo is also

highly restricted.

Initial evidence for this in vivo restriction of virus

observation that MVV cannot
infected animals. However,
were

was

gained from the

usually be recovered from tissue homogenates from

if these homogenates

maintained in culture with

detected

replication

a

were

explanted,

or

if the tissues

permissive cell type, then infectious virus

(Petursson et al., 1976; Narayan et al., 1977b). These observations
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was

were

consistent with

block

a

viral

on

replication in vivo which is relieved under tissue

culture conditions.

More detailed
cell types

analysis of tissues from MVV infected sheep revealed that

contain viral nucleic acids, but only

a

small percentage of cells

a

number of

appear

to be

productively infected. In choroid plexus tissue of experimentally infected lambs,
proviral DNA

was

levels of 100-200
0.1% of these

detected in 18% of the cells examined by in situ hybridisation, at

copies

per

cell. However, viral capsid protein

was

only detected in

provirus positive cells (Haase et al., 1977). Similar subsequent

experiments found that only 1-3% of choroid plexus cells contained proviral DNA, at
60-70

copies

per

lower than that
6 weeks after

but

cell, and viral RNA

seen

in

was

present at levels two orders of magnitude

permissive cells in vitro (Brahic et al., 1981). Studies of AMs

experimental infection demonstrated MVV RNA within 15% of cells,

productive viral infection in only 0.1% of cells (Gendelman et al., 1985). This

restricted type
from

a

of virus replication has also been demonstrated in tissue macrophages

number of different organs

including lung, CNS, spleen, and

mammary

glands

(Gendelman et al., 1985; Brodie et al., 1995b), and in other cell types including
monocyte precursors within the bone marrow (Gendelman et al., 1985), bronchial

epithelial cells (Staskus et al., 1991a) and circulating monocytes (Peluso et al., 1985;
Gendelman et al.,

1986). In addition, Staskus et al. estimated that approximately 90%

of MVV-infected cells within the

contained

appears

proviral DNA but

no

lung appeared to be in

occurring in only

a

truly latent state i.e. they

viral RNA (Staskus et al., 1991a). Therefore, in vivo it

that the majority of virus is in

infection

a

a

restricted

or

latent state, with productive virus

small proportion of infected cells.

25

The mechanism of this restricted viral
MVV

replication

appears to

replication is poorly understood, although

be closely linked to the maturation and activation state of

the host cell. It has been shown that differentiation of MVV-infected monocytes

into

macrophages results in release of virus from restricted replication (Gendelman et ah,
1986). It has also been shown that virus is only released from peripheral blood
mononuclear cells from

naturally infected sheep

once monocytes

differentiate into

macrophages (Narayan et ah, 1985). In addition to maturation, it has been shown that
expression of the LTR required the macrophage to be in
and in vitro

an

activated state both in vivo

(Narayan and Cork, 1985; Small et ah, 1989). Therefore it

cellular factors involved in monocyte

appears

that

maturation and/or macrophage activation play

a

part in switching viral replication from a restricted state to a productive state, possibly

by allowing

critical level of Rev protein to accumulate and thus allowing

a

stabilisation and

transcription of late viral

genes.

Intrinsic to the maturation of monocytes to

macrophages is the induction of a class of

immediate

early

Jun. These

transcription factors bind to AP-1 sites in the promoters of cellular

genes

and activate their

in the monocyte that include the transcription factors Fos and
genes

transcription, resulting in maturation of the monocyte into

a

macrophage (Clements et al., 1994b). As the viral LTR also contains AP-1 sites, it is
possible that these transcription factors released during maturation also activate the
viral LTR

resulting in transcriptional activation, full viral

production of
dependent

on

new

expression and

virions. This implies that restricted viral replication in vivo is

the maturation and/or activation state of the infected cell, and that cells

exhibiting restricted viral replication
Consequently,

gene

'bursts'

are

not fully differentiated or activated.

of productive virus replication would only

macrophages differentiate and activate within tissues.
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occur

as

However, cell differentiation and activation may not completely explain in vivo

restriction,

as

AMs, which

are

fully differentiated and have been shown to be in

activated state in MVV infected

exhibit

an

lungs (Cordier et ah, 1990; Cottin et ah, 1996), still

primarily restricted replication pattern in MVV infection in vivo (Gendelman

a

et

ah, 1985). Using a strain of CAEV which exhibits a restricted pattern of replication

in

sheep fibroblasts in vitro, it

result of abnormal
this may

be

a

demonstrated that this restricted replication

cleavage of the Env

precursor

protein, and it

was

was a

hypothesised that

mechanism for restricted virus replication in vivo (Chebloune et ah,

1996). While this
restricted

was

may occur to some

replication in vivo

occurs

extent, it is unlikely to play a major role as

primarily at

a stage

prior to the translation of late

viral genes.

A further mechanism of restricted viral

interferon

replication in vivo

may

involve

a

unique

(lentivirus-induced interferon, LV-IFN) produced in co-cultures of SRLV

infected

macrophages and lymphocytes (Zink et ah, 1987; Zink and Narayan, 1989).

Infected

macrophages alone did not produce LV-IFN but required the

presence

of

lymphocytes, suggesting signals from the infected macrophages induced LV-IFN
production by lymphocytes. LV-IFN
ways:

was

capable of inhibiting viral replication in 2

firstly it inhibited maturation of monocytes to

more

permissive macrophages,

thereby indirectly down-regulating virus replication; secondly, it

was

capable of

directly inhibiting viral replication in mature macrophages, apparently at the level of
virus

transcription. However, LV-IFN has not been identified directly in tissue

extracts. In

addition, treatment of MVV-infected animals with immunosuppressive

agents has not been shown to increase productive viral infection in vivo (Nathanson et

ah, 1976; Eriksson et ah, 1999). This suggests that immune-mediated down-regulation
of virus

replication is not

a

main mechanism of restricted viral replication in vivo.
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1.5 MVV

pathology and pathogenesis

Infection with MVV results in chronic
of target organs
the mammary

progressive inflammatory lesions in

including the lung, the central

number

(CNS), the joints and

glands (Siggurdsson et ah, 1953; Narayan and Cork, 1985; Pepin et ah,

1998). MVV disease is characterised by
years

nervous system

a

a

prolonged incubation period of one to three

and gradual progression of clinical signs (Pepin et ah, 1998).

Macroscopically, the lungs
bronchial

are

swollen, dense and firm to the touch, and the tracheo¬

lymph nodes and mediastinal lymph nodes

are

enlarged (Siggurdsson et ah,

1952). Microscopically, lung lesions include thickening of the alveolar septa due to
infiltration of mononuclear

an

leukocytes (lymphocytes and macrophages), formation of

lymphoid follicles, smooth muscle hyperplasia and

small degree of fibrosis

a

(Georgsson and Palsson, 1971; Cadore et ah, 1996). These MVV-induced lesions

are

collectively referred to

are

characterised

as

lymphocytic interstitial pneumonia (LIP). CNS lesions

by extensive perivascular cuffing and lymphocytic infiltration of the

neuroparenchyma (Nathanson et ah, 1976; Torsteinsdottir et ah, 1992). Joint disease
is characterised

by inflammatory synovitis in the early stages and degenerative

arthritis in advanced

cases

(Crawford et ah, 1980; Oliver et ah, 1981; Cutlip et ah,

1985b; Dawson, 1988). In the mammary gland, MVV generates a chronic indurative
mastitis which is characterised

infiltration, and

a

by marked lymphoid hyperplasia and lymphocytic

degree of fibrosis (Cutlip et ah, 1985a;

van

der Molen et ah, 1985;

Deng et ah, 1986; Houwers et ah, 1988; Lujan et ah, 1991).

A

key factor in the development of these chronic inflammatory lesions is thought to

be the

persistence of MVV despite

response

a

vigorous humoral and cell-mediated immune

(Gudnadottir and Kristinsdottir, 1967; Houwers and Nauta, 1989; Bird et ah,
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1993; Blacklaws et al., 1995b), After experimental intra-dermal infection, MVV-

specific cytotoxic T cells (CTL) and helper T cells
lymph node two weeks post infection, and
coincides with

a

are

presence

detected within the draining

of these T cell populations

reduction of virus-infected cells within the

al., 1995b). This suggests that cell-mediated immune

lymph node (Blacklaws et
responses

capable of

are

controlling the extent of MVV infection at least in early stages. A similar early cell
mediated immune response
inoculation
infection
infection

has been detected 1 week following intra-cerebral

(Griffin et al., 1978)

or

(Sihvonen, 1981), and has been shown to persist for

up to

four

years post

(Reyburn et al., 1992b). Anti-p25 (CA protein) antibodies have been

demonstrated within 3 weeks after
viral

four to 6 weeks following respiratory tract

experimental infection, with antibodies against

envelope proteins and MA protein appearing approximately 2 weeks later

(Houwers and Nauta, 1989; Juste et al., 1998). Neutralising antibodies
from four weeks

are

detected

post-infection (Griffin et al., 1978; Andresdottir et al., 2002).

However, despite these specific immune responses, sheep remain persistently infected
with MVV.

Three

key factors

are

thought to be involved in the failure of the immune

response to

completely eliminate MVV from the body. Firstly, restricted MVV replication in vivo;
secondly, failure of virus neutralisation; and finally, antigenic variation. As detailed in
Section 1.4.7, MVV

replication in vivo is highly restricted. Therefore, the majority of

virus-infected cells exist in

a

restricted

or

productively infected. As specific immune

has been

postulated

as a means

truly latent state, and

responses

major histocompatability (MHC) antigens
infected cells would avoid immune

a

or

very

few

are

require antigen presentation via

B cell receptors, non-productively

recognition. This mechanism of immune evasion

of viral dissemination by circulating monocytes in
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an

immunologically responsive host, the so-called "Trojan horse" mechanism (Peluso el
ah, 1985): MVV held in

a

restricted state within circulating monocytes is capable of

disseminating around the body without recognition by the immune system. Similarly,
latently infected monocyte
immune

as

recognition. This

precursors

may

would also evade

thought to provide

a constant source

of virus-

during MVV infection of sheep (Gendelman et ah, 1985).

Although neutralising antibodies
of

marrow

be highly significant with regards to viral persistence,

infected monocyte precursors are

infected cells

within the bone

are

detected in MVV-infected sheep, in vitro studies

neutralising antibody binding kinetics revealed that antibody binding to virus

much slower than the

binding of virus to its target cells (Kennedy-Stoskopf and

Narayan, 1986). This suggests that in vivo, virus
cell before it
between cells

can

be

was

may

be able to spread from cell to

effectively neutralised by antibodies. Transmission of virus

by direct cell-cell contact

or

cell fusion is thought to be another

potential mechanism of escape from virus neutralisation (Singh et al., 1999).

MVV, in

common

with other lentiviruses, mutates at

a

high rate (Clements et al.,

1988), ensuring genetic heterogenicity within the viral population. This is thought to
be

mainly due to the high intrinsic mutation rate of RT which lacks proof-reading

activity (Goff, 2001). In addition, there is evidence that recombination events

occur

between different MVV strains when their RNA genomes are

same

virus

packaged into the

particle (Andresdottir, 2003). A result of these mutations is the generation of

antigenic variation during infection in individual hosts (Narayan et al., 1977a;
Narayan et al., 1987; Clements et al., 1988). Most antigenic variation
env

et

gene

occurs

in the

(Scott et al., 1979; Clements et al., 1980; Clements et al., 1982; Andresdottir

al., 1998; Andresdottir, 2003), and has been shown to result in conformational
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alterations of the outer membrane
of studies have demonstrated the

envelope protein (Stanley et al., 1987). A number
development of neutralisation-resistant mutants

during long-term MVV infection (Gudnadottir, 1974; Narayan et ah, 1977a; Lutley et
ah, 1983; Thormar et ah, 1983), and mutations within
Env

protein have been shown to result in

1999). The selection

pressure

escape

a

39 amino acid region of the

from neutralisation (Skraban et ah,

for neutralisation resistant mutants is thought to be

provided by type-specific antibodies (Andresdottir et ah, 2002).

In addition to

providing

variation may

result in

HIV infected

infections

a

mechanism of

escape

escape

from virus neutralisation, antigenic

from cell-mediated immunity. A number of studies in

patients suggest that antigenic variants generated during persistent viral

are

capable of escaping CTL and helper T cell

patients that mount CTL
antigenic variant viruses

responses to

are

responses.

immunodominant viral strains,

generated that

are not

In individual
a

number of

recognised by CTLs (Phillips et ah,

1991; McAdam et al., 1995; Klenerman et al., 1995; Borrow et al., 1997; Klenerman
and

Zinkernagel, 1998). In

isolated from 43 infected
et

a

further study,

a

proportion of HIV-1 variant viruses

patients failed to induce helper T cell proliferation (Harcourt

ah, 1998). It is unknown whether genetic variation in MVV results in escape from

cell-mediated immune responses.

The

significance of this antigenic variation in MVV persistence is unclear. It has been

shown that

antigenic variants do not replace the infecting strain which persists

throughout infection, and variants do not

appear to

be essential for pathogenesis

(Lutley et al., 1983; Thormar et al., 1983). This suggests that viral persistence is not

dependent

on

antigenic variation.
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The exact mechanisms
initiates the chronic

by which persistent viral infection within target tissues

inflammatory lesions typical of MVV

main mechanisms have been

are

unclear. However, two

proposed. Firstly, lesional development

specific immune recognition of viral antigens i.e. the disease
mediated.

Secondly, inflammation

replication and viral proteins

Two

key observations

are

on

may

cellular

may

result from

be immune-

be induced by direct effects of virus

gene

suggestive of

may

an

expression.

immune-mediated mechanism for MVV

pathogenesis: firstly, the predominantly inflammatory nature of the lesions in MVVinduced

disease; and secondly, the limited amount of productive viral infection within

MVV lesions which suggests
of lesion
lesions

that direct viral effects do not account for the majority

development. Supportive evidence for the immune-mediated nature of MVV

comes

decrease in

from studies in which

immunosuppression of sheep led to

early CNS lesions after experimental infection, but

no

or

is mediated

characterised by infiltration

within the brain and

cause

is

by direct viral effects.

supportive evidence for immune-mediated disease is that

determined between the

et

are

lymphocytes, would be reduced regardless of whether the initiating

Further

active

immunosupression study is that by

depleting lymphocyte numbers, MVV-lesions, which

immune-mediated

an

is required for lesional development but not for establishment of

viral infection. However, a criticism of this

of

major

decrease in the

frequency of virus isolation (Nathanson et al., 1976), suggesting that
immune response

a

a

correlation

strength of MVV-specific cell-mediated immune

was

responses

peripheral blood and the severity of CNS lesions (Torsteinsdottir

al., 1994). Increased severity of CNS lesions in this study also correlated with

increased

CD8+ lymphocytes within the brain, suggesting that
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CD8+ T lymphocytes

are

important effector cells in the induction of MVV CNS lesions. CD84 T

lymphocytes have also been shown to predominate in MVV-induced arthritis
(Kennedy-Stoskopf, 1989; Harkiss et ah, 1991) and within MVV-induced LIP (Watt
et

ah, 1992). An additional mechanism by which the immune system

MVV lesions is via

deposition of immunoglobulin complexes:

one

may

induce

study identified

granular deposits of IgG and IgM within the joints of 40% of MVV-infected sheep
(Harkiss et ah, 1995). It

was

suggested that these immune deposits

may

initiate and

perpetuate chronic inflammation within the joints. Finally, production of LV-IFN by

lymphocytes has been shown to increase expression of MHC class II antigen by
macrophages in vitro, suggesting anti-viral T cells
lesions in vivo

Virus

may

perpetuate inflammatory

by enhancing viral antigen presentation (Narayan et ah, 1985).

replication

may

directly induce inflammation via

a

number of mechanisms.

Firstly, the basic domain of MVV Tat protein has been shown to induce inflammatory
lesions within the brains of rats and mice after intra-cranial inoculation

(Gourdou et

ah, 1990; Hayman et ah, 1993; Philippon et ah, 1994; Starling et ah, 1999). The
action of Tat

protein

appears to

D-aspartate (NMDA) receptors,

be mediated via
as

a

specific interaction with N-methyl-

specific blocking of these receptors reduced the

severity of inflammatory lesions (Hayman et ah, 1993; Starling et ah, 1999). In
addition, Tat protein up-regulated expression of the pro-inflamatory cytokines TNF,
IL-1 and

IL-6, and inducible nitric oxide synthase (iNOS) (Philippon et ah, 1994).

Blockage of TNF reduced the expression of IL-1 and iNOS and subsequently reduced
the volume of

lesions, suggesting that Tat-induced lesions

are

mediated by TNF

production. In addition, transgenic mice expressing MVV Tat protein developed
lymphoproliferative disorders of the lung, spleen, lymph nodes and skin suggesting
that Tat

protein also contributes to the pathogenesis of proliferative disorders in other
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outwith the CNS (Vellutini et al., 1994). Viral protein-induced inflammation

organs

appears to

be limited to Tat protein,

as

instillation of other MVV proteins into the

CNS of mice failed to induce inflammation

(Philippon et al., 1994) and transgenic

lambs

expressing MVV Env and Rev proteins did not develop

lesions

(Clements et al., 1994a).

any

inflammatory

Secondly, there is evidence that SRLV infection is capable of altering macrophage
cytokine expression in vitro. Infection of ovine AMs with MVV in vitro has been
shown to

up-regulate the chemokine 1L-8 (Legastelois et al., 1998). Similarly,

infection of goat

macrophages with CAEV resulted in increased expression of the

chemokines IL-8 and monocyte

chemoattactant protein-1 (MCP-1) (Lechner et al.,

1997). This increase in chemokine expression
Tat-deficient CAEV mutants,

may

was

independent of Tat

contribute to the mononuclear infiltrates

in MVV-induced LIP, as the levels of IL-8
appear to

also observed after infection with

indicating that this effect

protein. There is evidence that IL-8

sheep

was

seen

expression in AMs from naturally infected

correlate with the severity of MVV-induced LIP (Legastelois et al.,

1996; Legastelois et al., 1997). In addition to up-regulating chemokines, CAEV
infection has also been shown to alter the

expression of the pro-inflammatory

cytokines IL-ip, IL-6, TNFa and IL-12 by macrophages in
stimulation

cytokine

to LPS

(Lechner et al., 1997), suggesting that in addition to directly stimulating

gene

expression, CAEV infection

can

modulate the cytokine

other external stimuli. It is not known if this modulation of the

occurs

response

response

cytokine

to

response

after MVV infection.

Finally, there is evidence that MVV is capable of altering the "activation state" of
macrophages in vitro, resulting in

a more
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pro-inflammatory phenotype. Increased

expression of MHC class I and II antigen
infection in vitro
cell activation

prior study,

no

evidence of

antigen (LFA-1 and LFA-2)

was

demonstrated after MVV

monocyte-derived macrophages (Lee et al., 1996a). It is possible that the

between AMs and

MVV infection

suggested this

may

be related to inherent differences

monocyte-derived macrophages. Interestingly in both studies,

macrophage phagocytic activity

infected

a

(as determined by increased MHC class I, MHC class II, lymphocyte

differences in response to

was

demonstrated in ovine AMs after MVV

(Monleon et al., 1997). However, in

function-associated
infection of

was

may

was

reduced in

response to

MVV infection, and it

explain the observed increased susceptibility of MVV-

lungs to secondary bacterial infections (Markson et al., 1983).

Regardless of the initiating

cause,

chronic active inflammation is triggered within

target tissues. MHC class I and II have been shown be up-regulated in MVV-induced
lesions within the

lungs (Kennedy et al., 1985), joints (Harkiss et al., 1991) and CNS

(Bergsteinsdottir et al., 1998), suggesting persistent antigen presentation. AMs and

lymphocytes within the lung airspace of MVV infected sheep
activated state

be in

an

(Cordier et al., 1990; Lujan et al., 1993; Cottin et al., 1996; Begara et

al., 1995a). In addition,
the

appear to

a

number of cytokines have been shown to be up-regulated in

lungs of MVV-infected sheep including GM-CSF, IL-1, IL-4, IL-8, IL-10 and

TGF-p (Woodall et al., 1997; Legastelois et al., 1997; Moreno et al., 1998; Zhang et
al., 2002). Interestingly, GM-CSF was found to be the only cytokine specifically

up-

regulated in AMs from lungs with MVV lesions compared to lungs from infected
animals without lesions,

suggesting that GM-CSF production by AMs is

a

major

driving force for lesion development (Zhang et al., 2002). These observations of
enhanced

antigen presentation capacity, immune cell activation and cytokine
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up-

regulation indicate that active inflammation is occurring within the target
MVV-infected

organs

of

sheep.

1.6 MVV transmission

As

previously detailed in Section 1.4.7, MVV replication is highly restricted in vivo,

and levels of virus within infected animals tend to be very

low. However, despite the

paucity of virus within infected animals, transmission of virus
between mother and

milk,

or

investigated extensively

are

over a

number of

The main

years.

thought to be via ingestion of infected colostrum and/or

through inhalation of respiratory secretions, although other routes

be involved

only

offspring, but also between adult animals. The routes of

transmission have been
routes of transmission

occurs not

may

also

(Blacklaws et ah, 2004). Current knowledge of SRLV transmission is

reviewed below.

1.6.1 Vertical transmission

1.6.1.1 Germ line transmission

Studies of ovine and

of endogenous
appear to

virus

caprine

retrovirus

genomes

sequences

have identified the

presence

of multiple copies

(Hecht et al., 1996). A number of these

sequences

be related to Jaagsiekte sheep retrovirus (JSRV) and Enzootic nasal tumour

(ENTV),

adenocarcinoma

two

exogenous

retroviruses

which

cause

ovine

pulmonary

(OPA) and nasal tumours respectively. No relationship has been

established between

endogenous retrovirus
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sequences

and SRLVs. While it has been

shown that SRLV
for

integration into the host

genome

replication (List and Haase, 1997), there is

no

does

occur

and

may

be required

evidence that the SRLV

genome

is

present in the germ line of sheep and goats.

1.6.1.2 Intra-uterine / transplacental

Intra-uterine/transplacental

transmission

transmission

transmission. A number of studies

transmission,

while

others

is

the

controversial

most

route

of

provide evidence in favour of this route of

have

failed

to

find

any

evidence

of

intra¬

uterine/transplacental transmission in the natural situation.

It is known that foetuses

inoculation

are

susceptible to infection with MVV after intra-cerebral

(Narayan et ah, 1974; Georgsson et ah, 1978)

into the amniotic

sac

after injection of virus

(Cutlip et ah, 1982). Experimental infection of foetuses before

day 60 of gestation resulted in resorption
1982), although this

or

may

or

be due to the dose

abortion in 14/16 foetuses (Cutlip et ah,
or

strain of virus used. It is possible that

surviving foetuses infected before they become immunologically competent (thought
to

be

around

60

to

80

days (Nettleton and Entrican,

1995))

may

develop

immunological tolerance to MVV i.e. become lifelong virus-positive animals which
do not

a

develop

recent

an

immune

response to

MVV. This has not yet been reported, although

study found that out of 13 lambs provirus positive at birth, only 5 had

converted

by 300 days old (Alvarez et ah, 2005b).

Further evidence for infection in utero

infection in newborn animals
delivered

sero-

comes

from several studies

deprived of maternal contact. In

one

reporting MVV

study 2/11 lambs

by hysterectomy from infected dams had MVV lesions at 2-4 months of age
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(Cross et al., 1975). The timing of lesional development supports probable intra¬
uterine infection. In another

caesarean

section and

study, virus

was

isolated from three lambs delivered by

kept isolated for 8-9 months (Hoff-Jorgensen, 1977). MVV

was

isolated from 2/35 newborn lambs from

sero-positive dams prior to suckling (Cutlip et

al., 1981) and MVV provirus

detected by PCR in the peripheral blood

mononuclear cells
flock

(PBMCs) of 13/117 newborn lambs in

an

endemically infected

prior to sucking (Brodie et al., 1994). Similarly, approximately 10% of lambs

born to
to

was

sero-positive dams

were

positive for MVV provirus by PCR of PBMCs prior

suckling (Alvarez et al., 2005b). Given the

these studies suggest

range

that transplacental infection

of techniques used to detect virus,

can occur at a rate

of around 5-10%.

However, in other studies much lower frequencies of virus detection were detected in
newborn lambs

prior to suckling (Light et al., 1979; Houwers et al., 1983; Cutlip and

Lehmkuhl, 1986). For example sero-conversion to MVV occurred in only 2/389 such
lambs born to dams from
have

reported

foetuses

a

heavily infected flocks (Houwers et al., 1983). Other studies

complete lack of detectable virus infection in newborn lambs

(Gudnadottir, 1974; de Boer et al., 1979; Sihvonen, 1980; Houwers and

der Molen,

or

van

1987), although PCR detection of virus, which is thought to be the most

sensitive method of virus

possible that

a

detection,

was not

performed in these studies. It is therefore

number of virus positive animals

were

missed.

Overall, it appears that transplacental transmission does occur, although its relative
contribution to transmission is unclear. Evidence of successful eradication of MVV

infection from flocks

by separating lambs at birth and artificially rearing them

MVV-free milk has been

reported in

a

on

number of studies (de Boer et al., 1979;
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Houwers et al., 1983; Houwers et al.,
of transplacental

1987), suggesting that the overall contribution

transmission to infection rates is small.

1.6.2 Horizontal transmission

1.6.2.1 Indirect contact between animals

1.6.2.1.1

Embryo transfer

There is

no

evidence that

embryo transfer provides

a route

of transmission of MVV,

although definitive studies have not been carried out. It is assumed that embryos do
not

present a significant hazard for transmitting infection provided they are derived

from

sero-negative flocks and

are

washed according to International Embro Transfer

Society (IETS) protocols. Using these washing protocols, PCR analysis of 16
embryos from sero-positive
et

ewes

failed to detect the

presence

of viral RNA (Woodall

al., 1994). However, CAEV proviral DNA has recently been detected in oviduct

wash fluid of CAEV-infected goats

transmission via infected

by PCR (Fieni et al., 2002), suggesting that

embryos remains

a

possibility. Similar studies have not yet

been carried out for MVV.

1.6.2.1.2 Environmental transmission

Transmission of MVV via environmental contamination is

inefficient,

even

thought to be

very

during the clinical stages of the disease (Palsson, 1976). Restocking

of affected farms

during outbreaks of MVV in the 1950s could safely take place 1-2
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weeks after

culling of the diseased flock. Usually the premises

Despite this, disease

1.6.2.1.3

was never

not disinfected.

detected in the newly stocked healthy animals.

Iatrogenic transmission

As SRLVs hav been detected in the milk of infected animals

et

were

(Sihvonen, 1980; Adams

al., 1983; Ellis et al., 1983; Cutlip et al., 1985a; Kennedy-Stoskopf et al., 1985;

Lerondelle and Ouzrout,
contaminated

1990), it is possible that transmission

milking equipment

or

may occur

via

facilities. It has been demonstrated that allogenic

CAEV-infected cells instilled into the teat canal resulted in infection in 4/4 goats

(Lerondelle et al., 1995), and that intra-mammary instillation of cell-free CAEV
resulted in sero-conversion of 3/3 goats
et

(East et al., 1993). In

a

further study (Adams

al., 1983), 22 CAEV-free goats kept separately from 12 sero-positive goats were

milked twice

daily in the

same

disinfection carried out between

was

observed

contaminated

over a

occurrence.

were

milked first, and

milkings. No seroconversion of CAEV-free goats

period. Therefore, although transmission of CAEV via

milking equipment remains

evidence of its
route

14 month

parlour. CAEV-free goats

No

a

possibility, there is

as yet no

specific studies have been performed to

direct

assess

this

of infection for MVV.

Another

needles,

possible mechanism of iatrogenic transmission is via blood-contaminated
as

it is known that the blood of infected animals contains low levels of MVV-

infected monocytes

(Petursson et al., 1976). However, to date

performed to examine this possibility.
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no

studies have been

Finally, there is limited evidence that

semen

from infected

rams may

harbour MVV

(Concha-Bermejillo et ah, 1996), although this appeared to require secondary
infection with Brucella ovis. Therefore, there is a theoretical risk that
insemination with infected

date, there have been

no

semen

may

artificial

result in iatrogenic transmission of virus. To

reports that infected semen can transmit infection.

1.6.2.2 Direct contact between animals

1.6.2.2.1 Sexual transmission

To date, there have
MVV.

only been

Pathological lesions

with MVV
further

a

were

suggesting that MVV

limited number of studies of sexual transmission of

observed in the testis of 5/7
may

be transmitted via

rams

semen

naturally infected

(Palfi et ah, 1989). A

study identified MVV by PCR and virus isolation in 2/4 experimentally

infected rams,

but only after superinfection with Brucella ovis to induce epididymitis

(Concha-Bermejillo et ah, 1996). The 2 positive

rams

in this study also had the

highest proviral loads within their broncho-alveolar lavage (BAL) cells, suggesting
that both testicular inflammation and
virus in the

semen.

Similar results

high viral loads

were

were

required for shedding of

obtained in ten MVV-infected

rams

that

were

experimentally infected with Brucella ovis (Preziuso et ah, 2003). In this study, MVV
protein

was

detected in both interstitial cells and epithelial ductal cells of the

epididymis, and it
into the

rams

when

for

semen

was

postulated that cell-associated

and

cell-free virus

by epididymal epithelial cells. However, the

breeding with uninfected

ewes

or

rams were

housed

ewes

use

may

be shed

of MVV-infected

did not result in sero-conversion of the

ewes

separately (Krogsrud and Udnes, 1978). Therefore,
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although

semen

has been shown to harbour MVV, to date

been demonstrated

by this route. There

are no

no

virus transmission has

published studies of female to male

transmission.

1.6.2.2.2

Ingestion of colostrum and milk

The role of infected colostrum and milk in MVV transmission has been

studied. The mammary
mastitis

as

gland is

a

well known target

organ

extensively

for MVV where it induces

detailed in Section 1.5. MVV has been detected in the colostrum and milk

of infected

ewes

(Sihvonen, 1980; Cutlip et ah, 1985a; Lerondelle and Ouzrout,

1990), and the levels of virus within the milk
induction of lactation

appear to

be highest immediately after

(Ouzrout and Lerondelle, 1990). The main

within colostrum and milk appears to

source

of virus

be MVV-infected macrophages (Ouzrout and

Lerondelle, 1990; Carrozza et ah, 2003; Preziuso et ah, 2004), although

mammary

epithelial cells have also been shown to be infected in vivo (Carrozza et ah, 2003).
Cell-free virus has been identified within the milk from CAEV-infected goats,
titres from 20
et

naturally infected does ranging from

ah, 1983; East et ah, 1993). However, the

milk of infected

ewes

has not yet

102 to 106 TCIDso/ml milk (Adams
of cell free-MVV within the

presence

been determined.

In addition to detection of virus within the milk of infected ewes,

demonstrated that transmission

with

can

indeed

occur

two out of nine lambs fed bovine colostrum

via

it has been

ingestion of infected colostrum:

containing cell-free MVV sero-converted

by 2 months (Schipper et ah, 1983). Furthermore,

a

number of studies provide

supportive evidence of MVV transmission via ingestion of infected colostrum and/or
milk. It

was

shown that within

an

endemically infected flock, lambs raised by

sero-

positive
ewes

likely to seroconvert than lambs raised by sero-negative

ewes were more

(Houwers et ah, 1989), and increasing weaning

is positively associated with

age

sero-positivity (de Boer et ab, 1979; Keen et al., 1997). In
fed colostrum from
risk of

sero-positive

ewes or

uninfected bovine colostrum found that the

being sero-positive at 300 days old

colostrum from MVV-infected

ewes

study of 256 lambs either

a

was

directly associated with feeding of

(Alvarez et ah, 2005a). Interestingly, in this

study, the risk of MVV infection appeared to be higher for lambs bottle-fed
dose of colostrum from

a

sero-positive

allowed to suckle infected
animals for each group at

ewes

until

ewe

somehow

weaning, with the percentage of sero-positive

300 days old being 50 and 19% respectively. The

possible that bottle fed lambs received

more

a

transmission. In

a

artificially reared,

with

or were

may

have

suggested that inhalation

facilitate transmission (Houwers, 1997).

supportive evidence for transmission via infected colostrum and milk is that

deprivation of colostrum

Boer et

for

feeding and suckling is

larger viral dose

increased the risk of inhalation of colostrum, and it has been

Further

reason

susceptible to MVV. It is also possible that bottle-feeding

of MVV infected milk may

single

and then artificially reared than for lambs

this observed difference in infection rates between bottle
unclear. It is

a

or

milk in infected flocks

appears

to reduce virus

study of 50 lambs from MVV-infected dams isolated at birth and
none

showed

any

evidence of infection

over a

period of 8

years

(de

ah, 1979). Similarly, artificially reared lambs from 11 heavily infected flocks

sero-prevalence ranging from 63-100%

less that 0.7% after 3 years

were

found to have

a

sero-prevalence of

(Houwers et ah, 1983). Artificial rearing of colostrum

deprived lambs has been used extensively in Holland to control MVV, and using this
approach 185/1212 of sheep flocks in Holland
a

control program

(Houwers et ah, 1987).
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were

accredited

over

the first 4

years

of

1.6.2.2.3

Respiratory transmission

Early studies of MVV in Iceland demonstrated that direct
animals

was an

or

close contact between

important factor in virus transmission: gathering sheep and housing

together during the winter resulted in increased infection rates (Palsson, 1976).
Subsequent reports confirmed the importance of close contact such
in virus transmission

(Houwers and

as

winter housing

der Molen, 1987). The risk factors associated

van

with increased rates of virus transmission between adult animals include

age

increasing

(Light et al., 1979; Gates et al., 1978; Huffman et al., 1981; Keen et al., 1997),

high stocking density (Huffman et ah, 1981) and increased duration of contact
between animals

(de Boer et ah, 1979).

Respiratory transmission has been implicated
close contact. In

one

study, 2 MVV-free

weeks sero-converted within 3 months

individually and

no

direct contact

transmission occurred via the

ewes

as

the main route of transmission via

housed with

a

MVV-infected

(Dawson et al., 1985). All sheep

was

penned

respiratory route. It has been shown that sheep become
intra-pulmonary

(Gudnadottir and Palsson, 1965). A recent study has shown that intra¬

tracheal inoculation is

infection

were

for 3

allowed between sheep, suggesting that

infected with cell-free MVV after intra-nasal, intra-tracheal and
inoculation

ewe

highly efficient, with

a

dose of only 10 TCID50 required for

(Torsteinsdottir et ah, 2003). This suggests that transmission via the

respiratory route is likely.

In addition to its proven
source

of virus.

susceptibility to MVV, the respiratory tract is also

a

major

Up to 12% of AMs from infected sheep have been to be productively

infected with MVV

(Lujan et al., 1994), and the number of infected macrophages

present in broncho-alveolar lung fluid correlates to the degree of lung
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pathology

(Brodie et al., 1992). In contrast to the lower respiratory tract, which is defined

the

as

respiratory tract distal to the larynx, virus is only rarely isolated from throat swabs
saliva of infected

larynx) is not
therefore

a

sheep, suggesting that the
main

source

upper

or

respiratory tract (nasal cavity to the

of virus (Gudnadottir, 1974; Palsson, 1976). It is

speculated that respiratory transmission

lung fluid containing MVV, either

as

occurs

cell-associated

correlation between incidence of JSRV

via inhalation of aerosols of

or

cell-free virus. A positive

infection, which

causes

increased lung

exudation, and transmission of MVV (Palsson, 1976) is supportive of transmission via
infected

respiratory

secretions.

This

was

also

determined

experimentally:

experimental co-infection with JSRV and MVV resulted in increased transmission of
MVV to in contact animals
not been

conclusively identified in the lung fluid of MVV-infected animals, and

studies have

as

infectious via the

no

yet been carried out to determine whether cell-associated virus is

respiratory tract.

1.6.2.2.4. Additional routes

MVV

(Dawson et al., 1990). However, to date cell-free virus has

of direct-contact transmission

provirus and antigen has recently been identified in the third eyelids of MVV

infected

sheep (Capucchio et al., 2003), suggesting that the ocular membranes

may

represent a natural target for MVV infection, and may play a role in transmission.

However,
route

as

yet there are no published studies examining this possibility. A further

of transmission between adult

infected cells. To date, there are no

sheep

may

be via ingestion of virus

or

virus-

published studies demonstrating infection of adult

sheep via the oral route.
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1.6.3 Relative contribution of oral and

Sections

From

1.6.1

and

transmission appear to

1.6.2, it

can

respiratory transmission

be

that the main routes of MVV

seen

be through ingestion of infected colostrum and/or milk,

or

through inhalation of respiratory secretions. The relative contribution of these two
infection routes is

infected flock the

current

a

subject of discussion. It has been shown in

proportion of sero-conversions during the first

an

year

endemically
of life

was

greater among lambs raised by sero-positive dams than those raised by sero-negative
dams

(Houwers et al., 1989). However, this difference in the proportion of sero¬

conversions

was no

longer significant for offspring > 1

year

old, indicating that older

sheep had become infected through direct contact (most likely via the respiratory
route), and that the risk of sero-conversion in older animals is not related to lactogenic
transmission.

A field

study of 10 heavily infected dairy-sheep flocks in the Basque region of Spain

found that sero-conversion rates
reared

5 years

did not differ between flocks which

replacement lambs artificially with bovine colostrum and milk, and those

which did not

were

over

(Berriatua et al., 2003). These flocks

housed for 2 to 6 months per year

and it

were

raised semi-intensively and

concluded that if conditions allow

was

efficient

contact/respiratory transmission, prevention of lactogenic infection does not

reduce

the

risk

of

seroconversion.

transmission appears to

be strongly dependent

(Leginagoikoa et al., 2005):
of 15%

were

a group

of 210

divided into two groups.

one year

One

group

housed in

a separate

old sheep with

joined

pressure

shed (low infection
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of contact/respiratory

risk

the sero-prevalence of the flock

on

prevalence of approximately 50% (high infection
group was

the

However,

a

a

sero-prevalence

dairy flock with

a sero-

group), whereas the other

pressure

group). After 3

years,

sero-prevalence in the high

pressure

group

prevalence did not change in the low infection
when infection levels

very

are

low within

a

increased to 57%, whereas MVVpressure group.

Thus it is possible that

flock, contact/respiratory transmission can be

low in spite of prolongued close contact between infected and non-infected

sheep. Therefore it is likely that in situations where flocks

are

heavily infected with

MVV, contact/respiratory transmission is relatively more important, whereas when
the incidence of MVV within

a

flock is low,

lactogenic spread is of primary

importance.

1.7 Initial virus dissemination

Whereas

a

number of studies have

transmission, there is
mechanisms of viral

very

implicated the oral and respiratory routes for MVV

limited information regarding initial viral targets and

uptake. A study of 8 newborn lambs naturally fed maternal

MVV-infected colostrum found virus
the

initially within small intestinal epithelial cells at

tips of villi (Preziuso et al., 2004). Virus

mononuclear cells within the gut

was

subsequently found within

lamina propria, ileal Peyers patches and mesenteric

lymph nodes. This suggests that the primary viral targets within the gut
intestinal
The

are

small

epithelial cells, with subsequent virus transfer to draining lymphoid tissue.

identity of the virus positive mononuclear cells within the lamina propria in this

study is unclear, although it is possible that they
mucosal dendritic cells

may, at

least in part, represent

(DCs). This would be consistent with studies of HIV and SIV

uptake at mucosal sites, which strongly implicate uptake by mucosal DCs (Spira et al.,
1996; Hu et al., 2000; Bhoopat et al., 2001; Choi et al., 2003; Gurney et al., 2005).

47

Direct evidence of DC involvement in MVV

lymph draining

an area

MVV within afferent

uptake

comes

from

a

study of afferent

of skin intra-dermally inoculated with MVV demonstrated

lymph DC (ALDC) populations and subsequently within the

draining lymph node (Ryan et ah, 2000). MVV

was

also detected within efferent

lymph and appeared to be exclusively associated with macrophages (Bird et ah,
1993). Interestingly, the numbers of infected macrophages within efferent lymph
found to be reduced in

CD4+ depleted sheep, suggesting that

for transfer of virus from ALDC

initially taken

up

are

required

populations to macrophages within the lymph node

(Eriksson et ah, 1999). Therefore, using
that MVV is

CD4+ cells

was

an

intra-dermal infection model, it

appears

by DCs and subsequently transferred to the draining

lymph node, where it undergoes limited replication before entering the efferent lymph
within infected
infected

macrophages. Subsequent viral dissemination is thought to be via

circulating monocytes (Peluso et ah, 1985), although the mechanism by

which virus is transferred from efferent

macrophages to monocytes is unknown. It is

possible that it involves infection of monocyte

precursors

in the bone

marrow

(Gendelman et ah, 1985).

Potential viral targets
known.

and mechanisms of virus uptake in the respiratory tract

Comparison of intra-nasal and intra-tracheal inoculation routes identified that

intra-nasal inoculation is very
efficient

are not

inefficient, whereas the intra-tracheal route is highly

(Torsteinsdottir et ah, 2003). This suggests that viral targets

within the lower and not the upper
characterised in the

are present

respiratory tract. DC populations have been well

respiratory tracts of rat (Holt and Schon-Hegrad, 1987; Holt et ah,

1988; Schon-Hegrad et ah, 1991; Gong et ah, 1992), mice (Gonzalez-Juarrero and

Ornre, 2001; Calder et ah, 2004) and human (Holt et ah, 1989; Schon-Hegrad et ah,

1991). It is therefore possible that they

are
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involved in the uptake of MVV in the

respiratory tract. However, to date ovine respiratory tract DC populations have not yet
been characterised.
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1.8 Aims of thesis

Respiratory transmission is thought to be a major mechanism of MVV infection,
especially within flocks with
known

a

high sero-prevalence of MVV. However, little is

regarding the nature of the infectious agent for respiratory transmission,

sites and mechanisms of initial virus

or

the

uptake in the ovine respiratory tract. A greater

understanding of the infectious agent and initial virus entry within the respiratory tract
may

help to develop

vaccine

more

effective control strategies,

or

identify specific targets for

development.

Therefore the overall aim of this thesis is to

investigate the respiratory route of MVV

transmission. The

are as

specific aims of this thesis

follows:

1) To identify sites and cell types within the respiratory tract which
MVV

are

capable of

uptake.

2) To investigate potential mechanisms of virus transfer from the respiratory tract to

draining lymph nodes.

3) To identify potential infectious agents within the lung-fluid of MVV-infected

sheep.

4) To evaluate initial host

responses

within the respiratory tract to MVV infection.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Mammalian cell culture methods

2.1.1. Ovine skin cell

monolayer production and culture

An ovine skin cell

(OSC) line

skin

obtained from

biopsies

manner,

were

derived from skin biopsies. Ten 6mm diameter

was

a

euthanased adult greyface sheep in

aseptic

an

washed in phosphate buffered saline (PBS) and plated in a sterile petri dish

with the

epidermal surface uppermost. Explants

modified

Eagles medium (DMEM) containing 10% foetal calf serum (FCS), 2mM L-

were

incubated with Dulbecco's

glutamine, lOOu/ml penicillin, 100pg/ml streptomycin, 4pg/ml amphotericin B, and
lOpg/ml gentamycin in

a

humidified incubator at 37°C with 5% CO2. After 7 days,

large outgrowths of adherent cells with fibroblast-like morphology
around each
0.02%

explant. These cells

were

passed with Trypsin (0.05%) in PBS containing

ethylenediaminetetraacetic acid (EDTA) and transferred to

culture flask

were present

(Nunc™, Roskilde, Denmark)). Cell lines

were

a

25cm

2

.

tissue

maintained in DMEM

containing 10%FCS, 2mM L-glutamine, 50u/ml penicillin, 50pg/ml streptomycin,
and

2pg/ml amphotericin B.

Stocks of cells between passage

5-7

were

cryopreserved, at 2

cold mixture of 90% FCS, 10% DMSO.

Cell stocks

x

were

106 cells/ml, in an icecooled to -80°C in

a

Nalgene Cryo 1°C freezing container (Nalgene, Rochester, NY, USA)and stored
under

liquid nitrogen. To resuscitate frozen cell lines, aliquots

37°C, before being layered
DMEM/10% FCS. Cells

on

were

the bottom of

incubated

a

were

thawed quickly at

25cm2 tissue culture flask in

overnight and the medium replaced with

fresh DMEM/10% FCS.
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2.1.2. Ovine tracheal organ

2.1.2.1

The

culture

Development of an ovine tracheal organ culture system

procedure

Proximal

based

was

trachea

was

on

that of Campbell et al., 1979 and Lin et al., 2001.

removed

aseptically

from

sero-negative

MVV

sheep

immediately post-mortem and placed in cold PBS containing lOOu/ml penicillin,
lOOpg/ml streptomycin, 4pg/ml amphotericin B, lOpg/ml gentamycin (explant-PBS).
After

washing 3 times in explant-PBS for 3 minutes each, trachea

diameter discs
For initial
6-well

using

a

was cut

into 6mm

sterile punch biopsy needle (Kruuse A/S, Marslev, Denmark).

experiments, tracheal discs

were

placed with epithelium surface upward in

plastic tissue culture dishes (Nunc™) and allowed to stick down at

room

temperature for 5 minutes. Organ cultures were totally or partially immersed in 5ml of
medium

consisting of DMEM containing lOOu/ml penicillin, lOOpg/ml streptomycin,

4pg/ml amphotericin B, 10pg/ml gentamycin, and lOOu/ml insulin (explant-medium)

containing either 2% Ultroser-G (USG, Ciphergen, Fremont, CA, USA), 5% foetal
calf

serum

(FCS)

or

10% FCS, and

were

incubated for 7 days in

incubator at 37°C with 5% CO2. 10% of medium was removed on

a

humidified

day 2, day 4 and

day 6 and replaced with fresh medium. The strength of epithelial cilial beating
assessed every

second day by direct visualisation using

a

Fluovert inverted light

microscope (Leica, Wetzlar, Germany) and scored subjectively
weak

in

(+), moderate (+ +)

10%

buffered

or

vigorous (+ + +). After 7 days,

formalin,

paraffin

Haematoxylin and eosin (Ff&E) to

For in situ-VCR and

assess

imbedded,

was

as

organ

sectioned

either absent (-),

cultures
and

were

stained

fixed
with

tissue morphology.

epithelial pre-treatment experiments,

system was developed in which 6mm diameter discs
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a

modified

of tracheal

organ

culture

mucosa were

dissected from the

underlying cartilage and placed, epithelial surface upwards, into

the bottom of 6.5mm diameter,

0.4pm

pore

size

Transwell® cell

culture inserts

(Corning Life Sciences, Acton, MA, USA) within 24 well tissue culture plates. Organ
cultures

organ
were

were

totally

or

partially immersed in explant medium optimised in previous

culture experiments. The strength of epithelial cilial beating and morphology
assessed

as

culture systems

previously described. A diagram of original and modified

organ

is shown in Figure 2.1.

Epithelium

(A)
Submucosa

Tissue

X

culture well

X

Medium

Cartilage

Epithelium

Transwell

Tissue

insert

culture well

Medium

Submucosa

Porous
membrane

Figure 2.1
Diagrammatic representation of the initial tracheal
modified tracheal organ

culture system (B).
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organ

culture system (A) and the

2.1.2.2

For

Epithelial pre-treatment of tracheal

organ

cultures

epithelial pre-treatment experiments, the modified

organ

culture system

was

used

(Section 2.1.2.1).

After initial

harvesting and washing, intact ovine trachea

either 30mM sodium caprate

incubated at 37°C in

was

in PBS for 10 minutes, 3mM ethylene glycol-bis-(b-

amino-ethyl ether) N,N,N',N'-tetra-acetic acid (EGTA) in PBS for 30 minutes, PBS
for 30 minutes,

lOpg/ml E. coli 055:B5 lipopolysaccharide (LPS) (Sigma, St. Louis,

MO, USA) in explant medium for 120 minutes or explant medium for 120 minutes.

Epithelial integrity in sodium caprate, EGTA and PBS pre-treatment
assessed

by transmission electron microscopy

batch of E. coli LPS used in this

cytokine

expression

as

groups was

detailed in Section 2.9. The

same

experiment had previously been shown to induce

of primary tracheal

epithelial

cell

cultures

(Dr Gerry

MacLachlan, personal communication).

2.1.2. Culture

ofharvested alveolar macrophages

Mobile cells harvested
tissue culture
RMPI

by bronchoalveolar lavage (BAL)

plates (Nunc™) at

1640 medium

a

were

density of approximately 5

x

seeded into 6 well

104 cells

per

well in

containing 10%FCS, 2mM L-glutamine, 50u/ml penicillin,

50pg/ml streptomycin, 2pg/ml amphotericin B and 0.05M P-mercaptoethanol. After 2
hours, non-adherent cells
cultured for 7

were

removed by washing in PBS, and adherent cells

days in fresh medium. Cells

subjected to RNA extraction

or

were

cytospin preparation
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recovered by trypsinisation and
as

required.

2.2. Maedi-Visna Virus

2.2.1.

Propagation ofMVV

To propagate
EV1

propagation, isolation and titre determination

virus, OSC monolayers

infected with low

were

passage

MVV strain

(Sargan et al, 1991) at approximately 1 TCIDso/cell in DMEM containing 2mM

L-glutamine, 50u/ml penicillin, 50/rg/ml streptomycin, 2/zg/ml amphotericin B and
10%FCS. When extensive

cytopathic effects

containing cell supernatant

was

10 minutes.
DNase

were seen,

usually 5-7 days, the virus-

clarified by centrifugation at 400g post-infection for

Aliquots of virus stock

were

(Promega, Madison, WI, USA)

then incubated with 200 units of RNase-free
per

ml virus stock for 30 minutes at

room

temperature and then filtered through a 0.2pm syringe driven filter (Nalgene) to
remove

any

DNA contamination. All stocks

determined after

were

defrosting.

2.2.2. Generation

of control virus reagents

Killed virus controls

were

obtained

by incubating virus stock at 56°C for 1 hour to

inactivate the virus, and inactivation was confirmed

Mock-infected medium controls
for virus

on

the

stored at -80°C, and virus titres

were

by virus titration.

generated by culturing the

same

propagation, but without the addition of virus. Supernatants

same

day

as

OSCs
were

viral supernatant collection, and processed identically.
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as

used

collected

2.2.3. Virus titration

Virus titres

were

determined

well flat bottomed

plates at

using OSCs

a

as

density of 1

x

indicator cells. Cells

104 cells/ml in

were

seeded in 96-

DMEM containing 2mM

L-glutamine, 50u/ml penicillin, 50pg/ml streptomycin, 2pg/ml amphotericin B and
10% FCS.

were

in

a

The medium

was

removed and neat and serial dilutions of test

added to each well. Each dilution

was

samples

tested 6 times. After incubation for 7

days

humidified incubator at 37°C with 5% CO2, cells were fixed in 100% chilled

methanol at -20°C for 10 minutes and stained with Giemsa's stain. The
effect

was

scored

infectious dose 50

by the

of syncitium and/or lysis. The tissue culture

presence

(TCID50)

was

cytopathic

determined by the method of Reed and Muench

(Reed and Muench, 1938).

2.2.4. Virus isolation from

One ml

flasks

BAL supernatant

aliquots of filtered BAL supernatants

were

added to 25

cm2 tissue culture

containing 70-80% confluent OSCs together with 1ml DMEM supplemented

with 5% FCS. After 2 hours incubation at 37°C with 5% CO2, a further 5ml medium
was

10

added. OSC

monolayers

were

observed daily for cytopathic effects, passaged at

day intervals, and maintained for

negative. Positive cultures
MVV

were

a

minimum of 30 days before being classified

as

confirmed by immunohistochemical detection of

capsid protein p25 in cytospin preparations of co-cultivated OSC monolayers

(Section 2.7).
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2.3. In vitro infection methods

2.3.1.

Infection of non-pre-treated tracheal

Virus infection
cultures

carried out 4 hours after the

was

incubated

were

with

5ml

concentrations of EV1 for 2 hours in

Explants
for 7

an

as

a

of

cultures

explants

explant-medium

plated. Tracheal
containing

organ

various

humidified incubator at 37°C with 5% CO2.

described in Section 2.1.2.1. Negative controls included incubation with

equivalent volume of killed virus, harvesting explants after PBS washing, and

mock infection with

2.3.2.

no

virus.

Infection ofpre-treated tracheal

After the pre-treatments

organ

cultures

detailed in Section 2.1.2.2, intact trachea

times in PBS for 5 minutes each, then incubated with
EV1 in
intact

epithelium

was

exposure

exposed to virus, and this

TCIDso/ml of MVV strain

treated trachea
with virus

were

exposure

group".

Samples

were

from

referred to

cut

using

a

disruption of epithelium, 6

as

only

the "intact

mm

discs of PBS

pre-

punch biopsy needle (Krusse), and the discs incubated

above. This group was

as

group was

manner,

group".

the effect of mechanical

assess

mucosa

106

washed 3

were

explant medium for 2hrs at 37°C with 5% CO2. Therefore in this

epithelial

To

were

then washed 5 times in PBS, then incubated in fresh explant-medium

were

days

organ

referred to

as

the "cut surface and epithelial

then washed 5 times in PBS for 5 minutes each before dissection of

underlying cartilage, plating out and culturing for 24 hours
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as

described

in Section 2.1.2.1. For

negative controls,

an

equivalent volume of killed virus

was

used.

To

correct

for differences

in

surface

area

epithelium" and "cut surface and epithelial"
cultures

organ

Section 2.7.4. A correction factor

2.3.3.

exposure groups,

the dimensions of 20

=

was

calculated

r2/[r2 + (2rh)]

as

detailed in

using the following equation:

where

r = mean

organ

culture radius

h

organ

culture height

= mean

Infection ofalveolar macrophages (AMs)

For in vitro
culture

For

to virus between "intact

measured after sectioning and FI&E staining

were

Correction factor

exposure

infection, AMs

were

incubated with 0.5 TCIDso/cell in 6 well tissue

plates for 7 days.

generation of ex vivo infected AMs for

bronchoalveolar cells

were

use

in subsequent in vivo infection studies,

incubated with 1 TCIDso/cell in

VueLife™

7 tissue culture

bags (Cellgenix, Freiburg, Germany) for 2 hours. Cells suspensions
centrifuged at 400
washed for

a

g

were

then

for 5 minutes and re-suspended in 25 ml PBS. Cell pellets

were

further 5 times in PBS before

volume of PBS. Viable cell counts

Aliquots of the last wash

were

were

finally re-suspending in

an

appropriate

performed using trypan blue exclusion.

stored at -80°C for subsequent virus titration to confirm

the absence of cell-free virus.
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2.4. Isolation of nucleic acids

2.4.1. Nucleic acid preparation from

DNA

was

prepared from tracheal

tracheal

organ

organ

cultures

cultures using the DNeasy tissue Kit (Qiagen,

Crawley, UK) following the manufacturer's instructions for animal tissues and

samples

were

stored at -80°C. DNA concentration

measuring absorbance at 260nm (A26o) using

a

was

generally determined by

Genequant™ RNA/DNA calculator

(Amersham Biosciences, Chalfont St. Giles, Bucks, UK). Samples
molecular

for

DNA

grade water to

ensure

A26o readings

were

between 0.1 and 1.0. However,

was

determined

fluorimetrically

using

a

PicoGreen"

quantitation kit (Molecular probes, Eugene, Oregon, USA) and
50B luminescence spectrometer

as

was

follows:

organ

(IKA®

cultures

a

dsDNA

Perkin-Elmer LS-

(Perkin-Elmer, Norwalk, Conneticut, USA).

prepared from tracheal

homogeniser
the

diluted with

samples subsequently subjected to real-time PCR analysis, dsDNA

concentration

RNA

were

organ

were

cultures using the RNeasy mini kit (Quiagen)

homogenised using

an

IKA-Euroturrax

T8

Works Inc., Staufen, Germany) in 1ml buffer RLT (included in

RNeasy mini kit) containing 1% P-mercaptoethanol, and total RNA

was

extracted

using the RNeasy mini kit following the manufacturer's instructions for animal
tissues. RNA concentration
described above, and

was

samples

determined

were

by measuring the absorbance at 260nm

stored at -80°C.
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as

2.4.2. DNA extraction from

DNA
the

mammalian cells

prepared from cultured cells and peripheral blood mononuclear cells using

was

DNeasy mini kit (Qiagen) following the manufacturer's instructions for animal

cells.

2.4.3. RNA extraction from

RNA

extracted from

was

alveolar macrophages

purified alveolar macrophages using the RNeasy mini kit

(Qiagen), including on-the-column digestion of DNA with RNase-free DNase
(Qiagen), following the manufacturer's instructions for animal cells.

2.4.4. RNA extraction from

Tissue

samples

were

animal tissue

collected at post-mortem, and stored in RNA later (Qiagen) at

Fastprep® cell disrupter

80°C prior to RNA extraction using the

-

system (Bio 101

Thermoelectron, Qbiogene, Cambridge, UK). Briefly, lOOmg tissue in 1ml buffer
RLT

containing 1% v/v P-mercaptoethanol

lysis matrix D (Qbiogene) and pulsed in
were

then

extracted

passed through

a

was

a

placed in

a

2ml eppendorf containing

Fastprep machine for 40s. Supernatants

Qiashredder column (Qiagen), and total RNA

was

using the RNeasy mini kit, including on-the-column digestion of DNA with

RNase-free DNase

(Quiagen), following the manufacturer's instructions for animal

cells.
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2.5.

Polymerase chain reaction (PCR)

2.5.1. Primer

Primers

design

designed, unless otherwise stated, using the computer

were

primer3.cgi

0.2c (Rozen and Skaletsky, 2000) based

v

MVV strain EV1

cytokine cDNA

were

indicate

potential

positions

designed in

were

the published

sequence

(Sargan et ah, 1991), GenBank accession No. 234046,

sequences

Primers

on

errors

in

from the GenBank database

areas

of

sequence

did not

sequence,

compared with

an

as

program

or

of

available

appropriate.

where frame shift events, which would
occur.

In addition, MVV specific primer

alignment of published MVV

sequences

using the

computer program ClustalW ("www.ebi.ac.uk/clustalw) (Thompson et ah, 1994) to
check that

of

primer

primers

within well conserved

were

sequences was

areas

of the viral

confirmed using the computer

genome.

programmes

Specificity

BLAST v2.2.10

(www.ncbi.nml.nih.gov/blast) (Altschul et ah, 1997).

2.5.2. Nested PCR detection

A semi-nested PCR
DNA. Primer

pair

of MVV provirus

(snPCR)

gag

was

developed to detect maedi-visna virus proviral

1 (sense) and

gag

2 (anti-sense) within the MVV

developed originally by Dr Chris Woodall, University of Edinburgh,
used in

were

our

used

3' to the

are

gag gene

routinely

laboratory to detect infected animals (K. Willoughby, unpublished) and

as

second round internal

primer gag 2, and

gag

primers. Primer

1 and

gag

5
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were

gag

used

as

5 (anti-sense)

was

designed

first round external primers.

The

position and

localisation of primers

Reactions of
each

of the primers is shown in Table 2.2 and

sequence

within the MVV

genome

a

schematic

is shown in Figure 2.2.

50pl final volume contained 1.5mM MgCfi, 0.2mM dNTPs, 25pmol of

primer and 2.5 units of HotTaq (Biogene, Kimbolton, UK). A 3pl aliquot from

the first round of PCR

was

used in the second reaction.

For the first round of PCR the thermal

incubation at 95°C followed

cycling profile involved

a

10 minute

pre¬

by 15 cycles each consisting of denaturation at 94°C for 1

minute, primer annealing at 55°C for 1 minute, extension at 72°C for 2 minutes, and
final extension at 72°C for 5 minutes. For
increased to 35
and 1 minute

Recombinant

cycles and denaturation, annealing and extension times

per

a

p.1

plasmid pDSl-gtfg, containing the whole MVV strain EV1
was

used

as

template DNA. Plasmid

was

PicoGreen® dsDNA quantitation kit (Molecular probes), and the

was

30s, 30s

gag gene

quantified

copy

number

calculated using the following formula:

Xg/pl DNA/[plasmid length in bp

x

Where X is the concentration of dsDNA in

660]

x

6.022

x

1023 - Y copies/pl

g/pl of sample, bp is the number of base-

pairs in the plasmid and Y is the number of copies of plasmid

Ten fold serial dilutions of

copies

were

was

respectively.

(provided by Dr Heide Niesalla),
using

re-amplification, the number of cycles

a

were

per

pi of sample.

pDSl-gog in nuclease-free water from 5

used to determine the detection threshold of the snPCR

for the presence

x

assay.

107

to 0.5

To account

of non-template DNA within biological samples, each first round
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reaction

was

supplemented with 200ng of MVV-free ovine genomic DNA generated

from non-infected

OSCs).

Appropriate controls, containing
(negative control),

were run

electrophoresed through 1.5%
visualized

a

positive nucleic acid template

or no

template

in parallel with all PCRs. The PCR products
agarose

were

(w/v) in Tris acetate-EDTA (TAE) buffer and

by ethidium bromide staining under UV illumination; their sizes

determined

using

lOObp

a

Germany). A sample

was

gene

were

ladder (GeneRuler, MBI Fermentas, St Leon-Rot,

considered positive if

a

PCR product of expected size

was

present on the ethidium bromide stained gel.

2.5.3.

Reverse-transcriptase snPC-R (RT-snPCR) detection ofMVV transcripts

Primers for snRT-PCR assays were
gene

transcripts,

as

developed for detection of spliced

described in Section 2.5.1. The position and

is shown in Table 2.1, and a schematic localisation of
genome

Primer

sequence

rev

1

(sense)

used for

reverse

env

of primers

primers within the MVV

was

rev

designed 5' to the

2 (anti-sense) and

rev

rev

internal spice site (nucleotide position

d(anti-sense)

were

designed 3' to the

splice acceptor site (nucleotide position 8590). Primer combination

used for

and

is shown in Figure 2.2.

6129) and primers

was

rev

2nd

1st

round PCR reactions, and

primer combination

round PCR reactions. For cDNA

synthesis,

rev

3

rev

was

rev

1 and

1 and

used

as a

rev

rev

rev

2

3

was

primer for

transcriptase.

designed 5' to the major splice donor site of

Similarly, primer

env

MVV strain EV1

(nucleotide position 319) and primers

10 (sense)

was
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env

9 (anti-sense) and

env

6

(anti-sense)

were

combination

env

10 and

env

9

was

used for

1st round

combination

env

10 and

env

6

was

used for

2nd

used

as a

synthesis,

env

9

env gene.

Primer

PCR reactions, and

primer

designed at the 5' end of the coding region of the

was

round PCR reactions. For cDNA

primer for reverse transcriptase.

Complementary DNA (cDNA)

was

constructed using Superscript II (Invitrogen,

Paisley, UK) according to the manufacturers instructions. The reaction mix (20pi)
contained

10.5pl of RNA extract, lOpmol of the appropriate external anti-sense

primer, 0.5mM dNTPs, lOmM DL-Dithiothreitol (DTT, Invitrogen), lpl RNaseOUT
(Invitrogen) and 1 pi Superscript II. The reaction samples
50

minutes, and 70°C for 15 minutes. 3pl of cDNA

was

were

incubated at 42°C for

then subjected to nested PCR

analysis using the cycling parameters and reaction mixes

as

described in Section

2.5.1.

Single round PCR
gene

ATPase

as a

was

carried out

as

for

2nd

each cDNA sample for the ovine housekeeping

positive control for template RNA quality using the primer pair

ATPase 1 and ATPase 2
mixes

on

(Woodall et ah, 1997) and cycling parameters and reaction

round PCRs.
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Table 2.1

Sequence and location of primers used for the detection of MVV.

Primer

Orientation

5'—>3' sequence

Gene

Location*

gag

1

sense

TAG AGA CAT GGC GAA GCA AGG CT

MVVgag

499-521

gag

2

anti-sense

TCC TGC TTG CAA ATT TAC AAT AGG

MVVgag

961-938

gag

5

anti-sense

TCT GTG CTC TGT TCC CAG G

MVVgag

1136-1118

MVVrev

6019-6038

AGY+

rev

1

sense

CAG

rev

2

anti-sense

GTT TTT CCT CGA GGT CCA CA

MVVrev

8670-8651

rev

3

anti-sense

TAT CTG GGT AAA AGT GCG CC

MVVrev

8753-8734

AAC CTG GAC AGA CA

env

10

sense

AGA GAA GCG ACG AAA GGA CC

MVVenv

197-216

env

6

anti-sense

TAC CTG TTA CCA AGC CCT GC

MVVenv

6132-6313

env

9

anti-sense

CCA TTT TTC ACA TGG TTC CC

MVVenv

6224-6205

ATPase 1

sense

GCT GAC TTG GTC ATC TGC

ATPase

3052-3069

ATPase 2

anti-sense

CAG GTA GGT TTG AGG GGA TAC

ATPase

3218-3198

*

Locations of primers are

et

in accordance with the published

t

of EV1 (Sargan

ah, 1991) (GenBank accession No. 234046), with the exception of ATPase primers

in which location is in accordance with the Ovis aries

a

sequence

precursor

mRNA (GenBank accession No. 57164362).

Degenerate primer Y

=

C

or

T.
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(Na+ and K+) ATPase

rev

vif

gag
LTR

env

LTR

pot

G1

tat

G5

G2

Proviral DNA

Unspliced mRNA

rev

R2

R1

mRNA
9

9
SD 6129

SD 319

■

SA 8590

-

1

\

I

\

'

\

v

env

R3

\

\

\
\

/

>>

\

'

/

SA 5991 vv'

mRNA
E6

E10

9

E9

9
'SA 5991

SD 319 ~

~

.

Figure 2.2

Localisation of

primers in MVV provirus and

rev

and

env

transcripts. The

genome structure

of MVV

provirus is illustrated at the top of the diagram for reference. Primers are represented by arrows. The
nucleotide

positions of identified splice donor (SD) and splice acceptor (SA) sites within the MVV
shown (Sargan et

strain EV1

are

splicing

indicated with

are

a

al., 1991), GenBank accession No. 234046. Areas of unknown

question-mark. Gl, G2 and G5 indicate primers

respectively. Rl, R2 and R3 indicate primers
indicate

primers

env

10,

env

6 and

env

rev

1,

9 respectively.
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rev

2 and

rev

gag

1,

gag

2 and

gag

5

5 respectively. E10, E6 and E9

2.5.4. Real-time RT-PCR for

2.5.4.1. Overview

ovine cytokines

ofReal-time RT-PCR strategy

Briefly, external and internal sets of primers
cDNA sequences

infected AMs
then

were

designed from available cytokine

in order to perform nested PCR. RNA

(see Section 2.3.2.) and

reverse

was

extracted from in vitro

transcribed. The resulting cDNA

was

subjected to conventional RT-PCR using external primer sets to generate primary

PCR

products of 300-500bp in size for each of the

were

purified and cloned into the sequencing vector pCR82.1-TOPOB (Invitrogen),

and

aliquots of plasnrids

Internal

were

genes

sent for sequencing to confirm the identity of the insert.

primer sets spanning approximately 200-3OObp

RT-PCR assays

using the

standard

was

curve

of interest. PCR products

were

Quantitect"' SYBR8' Green kit (Qiagen). For each

accession
the

no.

reverse

gene

was

External

normalised to the

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, GenBank

transcription procedure.

ofplasmid standards for cytokine real-time PCR

extracted from in vitro MVV infected alveolar

section 2.4.3, and cDNA was constructed
anchored

were

2623265) to account for variations in starting material and efficiency of

2.5.4.2. Generation

RNA

gene, a

generated using serial dilutions of the appropriate plasmid,

allowing absolute quantification of cDNA samples. Results
housekeeping

then used for real-time

assays

macrophages

as

described in

using Superscript II (Invitrogen) and

oligo-d(T) primers (Sigma) according to the manufacturers instructions.
primers

were

used to generate primary PCR products. Reactions of 50p\ final

volume contained 1.5mM

MgCF, 0.2mM dNTPs, 25pmol of each primer, 2.5 units of
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HotTaq (Biogene) and 3pl cDNA. Cycling parameters consisted of 10 minutes at
95°C followed by 35 cycles each consisting of denaturation at

primer annealing at 52-57°C for 1 minute
minutes, and

appropriate, extension at 72°C for 2

as

final extension at 72°C for 5 minutes. Primer

a

94°C for 1 minute,

sequences

and annealing

temperatures are shown in Table 2.2.

lOpl of each primary PCR product
bands of the correct size

was

cut out and

were

agarose

gel electrophoresis and

purified using the

S.N.A.P.™ UV-free gel

resolved by

purification kit (Invitrogen). Four pi of purified PCR product

sequencing vector
plasmids

number/pl

copy

aliquots of plasmids

were

was

diluted to

(Invitrogen)

as

described in Section 2.6.1., and

PicoGreen® dsDNA quantitation kit (Molecular

quantified using the

were

probes). The

pCR®2.1-TOPO®

cloned into the

was

calculated

as

described in Section 2.5.2, and

109 copies/pl in nuclease-free water and stored at

-20°C prior to use in real-time PCR assays. 25pl of each plasmid was sent to DBS

genomics
sequences

for

sequencing

were

(www.dur.ac.uk/dna.sequencer/),

analysed

by

(www.ncbi.nml.nih.gov/blast)

the

computer

(Altschul

et

programmes

al.,

1997)

and

the

BLAST
and

resulting
v2.2.10
ClustalW

(www.ebi.ac.uk/clustalw/) (Thompson et al.,1994). Sequencing results are shown in

Appendix I.

2.5.4.3 Real-time PCR method

Real-time PCR

2.5.4.2) using

was

a

performed

Rotor-Gene™

on

cDNA samples (generated

as

described in Section

3000 Real time thermal cycler (Corbett Research,

Sydney, Australia) and the appropriate internal primer sets (Table 2.3). Cycling

was
TM

.

performed in 20pl reaction volumes containing lpl template, lOpl of 2 X Quantitect
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SYBRr Green PCR

master

mix

(containing HotStarTaq DNA polymerase with

reaction buffer, dNTP mix, SYBR Green 1

dye and 5mM MgCB), and 0.5pM of each

primer. Thermal cycling parameters involved
followed

a

15 minute pre-incubation at 95°C

by 40 cycles each consisting of denaturation at 94°C for 20s, primer

annealing at 52-57°C for 20s, and extension at 72°C for 20s. Fluorescence data
acquisition

was

performed after each extension step.

Following amplification,
The threshold value
RotorGene software

versus

was

cycle number

was

(version 5.10) using the Fit point method. Serial 1:10 dilutions of
gene

of interest ranging from

10s

by the RotorGene software. The number of copies

calculated from each

generated.

calculated automatically by the

to

102 copies per pi

parallel with each series of samples, allowing automatic generation of

curve

in

plot of fluorescence

(Cy) for each sample

plasmid containing the
in

a

sample. Standards

were run

per

a

were run

standard

pi sample could then be

in triplicate, and samples

were run

duplicate.

Melting

curve

analysis

was

performed at the end of each PCR

run

to verify the

specificity of the PCR product. Briefly, after amplification the temperature
from 65°C to 94°C in 0.3°C increments and fluorescence

was

was

raised

recorded at each step.

By plotting the rate of change of the relative fluorescence (RF) divided by
temperature {-d (RF)/dT) against temperature, a melting curve was generated for
each
the

sample. For

a

specific PCR product,

a

single peak is generated corresponding to

melting temperature (Tm) of the product. A single sharp peak fully overlapping

that of the standards indicates
the PCR

an

identical Tm and therefore confirms the

product.

70

specificity of

A

representative amplification

time PCR

run

is shown in

2.5.4.4. Normalisation

For cDNA

account

standard

curve,

were

normalised to the housekeeping

starting material and efficiency of the

procedure. The number of copies of GAPDH
normalisation coefficient

was

Normalisation coefficient of sample =

value of gene

a

particular

and data

pi cDNA

reverse

was

GAPDH to

transcription

calculated for each

calculated using the formula below:

gene

(GAPDFI copies/pl cDNA) of all samples

of interest

was

then normalised by dividing the

was

analysis of MVV

performed

on

3000 Real time thermal

(sense) and

per

gene

sample.

2.5.5 Real-time PCR

Gene™

real¬

expression (gene copies/pl cDNA) by the normalisation coefficient

calculated for the

Real-time PCR

a

(GAPDH copies/ul cDNA) of sample
Mean

The data obtained for

from

Figure 2.3.

samples, results

a

curve

ofReal-time RT-PCR data

for variations in

sample and

and melting

curve

gag

1 pi of either DNA

or

cDNA samples using

a

cycler (Corbett Research) and the primer pair

2 (anti-sense) within the MVV

acquisition and analysis

were

gag gene

Rotorgag

1

(Table 2.1). Reaction mixes

identical to those described in Section 2.5.4.3.
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Thermal
45

cycling parameters involved

a

15 minute pre-incubation at 95°C followed by

cycles each consisting of denaturation at 94°C for 30s, primer annealing at 55°C

for 30s,

and extension at 72°C for 30s. Serial dilutions of the plasmid pDSl-grzg

containing the whole MVV

gag gene

(provided by Dr Heide Niesalla)

were

used to

generate standard curves. For DNA samples, results were expressed as the number

copies/ng DNA. For cDNA samples, values

were

normalised to GAPDFI

as

of

described

in Section 2.5.4.4.

2.5.6. Statistical

analysis ofReal-time PCR data

Non-parametric statistical analysis
Mann-Whitney procedure

on

was

carried out

on

real-time PCR data using the

Minitab vl4 for Microsoft windows.
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Table 2.2 External

plasmids for

use as

primer

and annealing temperatures used to generate

real-time PCR standards.

Primer sequence

Gene

sequences

Product size

5'—>3'

(bp)

Annealing
temp

F: AAG GCA GAG AAC GGG AAG

GAPDH*

366

55

425

55

525

58

338

61

518

55

347

55

429

55

305

55

452

54

348

55

(°C)

R: AGT GAT GGC GTG GAC AGT

GM-CSF*

F: GCC TGC TTC ACT TCT GGA C
R: GCT TCT CCT GGG CAC TGT

F: TCC TTG GTG ATG GTT GGT

TNFa*

R: CAC TGA CGG GCT TTA CCT C

TGF-pE

F: GCC CTG GAC ACC AAC TAC TG
R: TCA GCT GCA CTT GCA GGA G

IL1

F: CTG TGT TCT TCC CTT CCC TT

-(3 *

R: CAA AAA TCC CTG GTG CTG

IL-61

F: GCT TCC AAT CTG GGT TCA
R: CCA CAA TCA TGG GAG CCG

IL-8

F: GAA GTC CTC TGG GAC AGC AG
R: TTG GAA GCA ATG GAA AAA GG

1L-101

F: AGC TGT ACC CAC TTC CCA
R: GAA AAC GAT GAC AGC GCC
F: CTG CTG CTT TTG ACA CTG AA

IL-12p40*

R: CTG GTT TTC CCT GGT TTT G

IL-18*

F: TCA GAT CAC GTT TCC TCT CC
R: GAT GGT TAC AGC CAG ACC TC

PCR

were

products generated from MVV infected AMs using the above primers and annealing temperatures
cloned into

curves

for

pCR®2.1-TOPO®

vector. The resultant plasmids were used to generate standard

quantitative real-time PCR

assays.

F

=

forward (sense) primer; R

= reverse

(anti-sense)

primer.
Primers

were

with the

exception of the following:

*

f

*

Primers

designed using the computer

program

primerS.cgi

v

0.2c (Rozen and Skaletsky, 2000)

kindly donated by Katie Matthews, University of Edinburgh

(Woodall etal., 1997)

(Egan et al., 1996).
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Table 2.3 Internal

primer

sequences

PCR assays

for ovine cytokines.

Gene

Primer sequence

and annealing temperatures used in real-time

Product size

5'—>3'

(bp)

Annealing
temp

GAPDH*

F: GGT GAT GCT GGT GCT GAG TA

265

57

261

57

238

57

169

55

317

57

236

52

222

55

160

55

243

57

241

57

(°C)

R: TCA TAA GTC CCT CCA CGA TG

GM-CSF*

F: GAT GGA TGA AAC AGT AGA AGT CG
R: CAG CAG TCA AAG GGA ATG AT

F: GAA TAC CTG GAC TAT GCC GA

TNFoc*

R: CCT CAC TTC CCT ACA TCC CT
F: GAA CTG CTG TGT TCG TCA GC

TGF-pi

R:GGT TGT GCT GGT TGT ACA GG
F: CCT TGG GTA TCA GGG ACA A

IL1-P*

R: TGC GTA TGG CTT TCT TTA GG

IL-6T

F: TCC AGA ACG AGT TTG AGG
R: CAT CCG AAT AGC TCT CAG

IL-81

F: ATG AGT ACA GAA CTT CGA
R: TCA TGG ATC TTG CTT CTC
F: TGA AGG ACC AAC TGA ACA GC

IL-10

R: TTC ACG TGC TCC TTG ATG TC
F: TCA GAC CAG AGC AGT GAG GT

IL-12p40*

R: GCA GGT GAA GTG TCC AGA AT

IL-18*

F: GAG CAC AGG CAT AAA GAT GG
R: TGA ACA GTC AGA ATC AGG CAT A

F

=

forward

(sense) primer; R

= reverse

Primers

were

with the

exception of the following:

*

t

*

Primers

(anti-sense) primer.

designed using the computer

program

prinrerS.cgi

v

0.2c (Rozen and Skaletsky, 2000)

kindly donated by Katie Matthews, University of Edinburgh

(Konnai et al., 2003)
(Egan et al., 1996).
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Figure 2.3 continued

Real time PCR data for the

cytokine TNFa using

a

Rotor-Gene™

3000 Real time thermal cycler

(Corbett research). (A): Amplification curves of TNFa standards based
measurements

amplification

real-time fluorescence

during PCR. The threshold is set by the RotorGene software, and the point at which the
curve crosses

the threshold is termed the threshold value (CT). (B): A standard

generated by plotting the log (template
arc

on

copy

highlighted in blue, unknown samples

performed at the end of the PCR

run.

number) of the standards
are

versus

curve

is

the CT value. Standards

highlighted in red. (C): Melting

curve

analysis is

The peak corresponds to the melting temperature (Tm) of the PCR

product. No peak is present for negative samples (indicated by the arrow).

76

2.5.7 In situ PCR

In situ PCR

was

carried out

on

EV1 infected and non-infected tracheal organ

in collaboration with Dr M. Carrozza
DNA

as

described

(University of Pisa, Italy) to detect

cultures
pro viral

previously (Carrozza et ah, 2003).

2.5.7.1 Pretreatment

of samples

Organ cultures

fixed in 10% buffered formalin for 24 hours before embedding in

paraffin

wax.

were

Sections

were cut to

5pm thick and mounted

(Perkin Elmer) by heating at 58°C for 12 hours. Sections
for 15 minutes at 37°C in

on

in situ PCR glass slides

were

deparaffinised twice

xylene, rehydrated and then digested in 1 pg/ml proteinase K

(Roche, Mannhein, Germany) in lOOmM Tris-HCL, pH7.5, 5mM EDTA for 30
minutes at 37°C. Slides

were

then transferred to

a

microwave

maintained at 100°C for 20s before immersion in acetic acid
15s at 4°C. After

rinsing in water, sections

were

oven

where

they

were

(20% w/v in water) for

dehydrated through

a

series of graded

ethanol washes.

2.5.7.2 In situ PCR

A

protocol

218bp fragment of the MVV pol

gene was

amplified by direct in situ PCR with the

following pair of primers, developed originally by Dr Chris Woodall, University of
Edinburgh:
anti-sense

sense

primer (nt. 4231-4252): 5'-ATAGTAAATGGCATCGGAATGC-3',

primer

(nt.4448-4429):

5'-TCCCGAATTTGTTTCTACCC-3\
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The

positions indicated within the brackets refer to the

sequence

of MYV strain EV1

(Sargan et al., 1991) (GenBank accession No. 234046).

The PCR reaction

PCR buffer

was

carried out in

50pl reaction mixture containing IX HotTaq

a

(Biogene), 3mM MgCl2, 200pM each of dATP, dCTP, dGTP, 180pM of

dTTP, 20pM of digoxigenin-11-2'-deoxy-uridine-5'-triphosphate (DIG-11-dUTP,

Roche), 2 pM of each primer and 10 units of HotTaq (Biogene). Amplification
earned out in

a

Hybaid Omnislide (Amersham Biosciences) using the

95°C for 10 minutes followed by 15 cycles consisting of

was

programme:

94°C for 40s, 51°C for 30s

and 72°C for 1 minute.

In each

experiment

a

series of negative control reactions

omission of either the
infected organ

primers

or

with

a

were

dilution

1:500

chromogenic

substrate

nitro

washed twice in PBS before overnight

of alkaline

a

phosphatase-conjugated anti-DIG

final PBS wash, sections

blue

positive cells. The reaction
mounted in Mowiol

was

were

incubated with

tetrazolium/5-bromo-4-chloro-3-indolyl

phosphate (NBT/BCIP, Roche) for 5-10 minutes until

were

non-

cultures.

antibody (Roche) in PBS at 4°C. After
the

carried out including

the Taq DNA polymerase, and analysis of

Following amplification, sections
incubation

were

a

purple colour in the nuclei of

stopped by extensive washing in water and the slides

mounting medium (Calbiochem-Novabiochem, San Diego,

CA) and allowed to set for 1 hour at RT.
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2.6. Molecular

2.6.1

cloning techniques

Purification and cloning of PCR products

lOpl of PCR product
correct size

kit

were

was

resolved by

cut out and

agarose

gel electrophoresis and bands of the

purified using the S.N.A.P.™ UV-free gel purification

(Invitrogen). Four pi of purified PCR product

vector

pCR®2.1-TOPO®

was

cloned into the sequencing

(Invitrogen) following the manufacturer's instructions for

chemically competent E. coli. For transformation, 2pi of the cloning reaction
added to

a

vial of One

Shot®

ice for 30 minutes. The cells

TOPI OF' competent

was

cells (Invitrogen) and incubated

on

then heat shocked for 30 seconds at 42°C before

were

adding 250pl S.O.C. medium (Invitrogen) and shaking at 200rpm at 37°C for 1 hour.
Fifty pi and lOOpl of culture
plates

respectively

was

spread onto 2 pre-warmed Luria-Bertani (LB)

containing

kanamycin,

agar

5-Bromo-4-chloro-3-indolyl-b-D-

galactoside (X-GAL), and Isopropyl-BD-thiogalactopyranoside (IPTG) (imMedia™
Kan

Blue, Invitrogen), and plates

white colonies
LB

medium

were

were

incubated overnight at 37°C. 5 well spaced

picked for each transformation and cultured overnight in 10ml

containing 50pg/ml kanamycin at 37°C and 200rpm in

a

shaking

incubator.

Plasmid DNA

was

isolated from 5ml

overnight culture using

a

Wizard® Plus SV

Miniprep DNA purification system (Promega) according to the manufacturer's
instructions. PCR

was

carried out

on

a

lpl aliquot of purified plasmid using the

appropriate primers and conditions to confirm the
of

positive

plasmid

preparations

were

presence

sent

of the insert, and aliquots
to

DBS

genomics

(www.dur.ac.uk/dna.sequencer/) for sequencing. Plasmid DNA was quantified using
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the

pico

green

dsDNA detection system (Molecular probes) and

50B luminescence spectrometer

remaining overnight culture

50%

w/v) for long term storage at -80°C.

2.6.2

Sequence analysis

were

analysed

Perkin-Elmer LS-

(Perkin-Elmer), before storage at -20°C.

The

Sequences

a

was

by

(www.nchi.nml.nih.uov/blast)

mixed with sterile glycerol (final concentration

the

computer

(Altschul

programmes

al„

et

1997)

BLAST
and

v2.2.10
ClustalW

(www.ebi.ac.uk/clustalw/) (Thompson et ah, 1994).

2.7.

Immunohistochemistry (IHC)

2.7.1 Collection and preparation

Tissue

ofsamples

samples other than lung parenchyma

and embedded in O.C.T.™

compound

were cut to

blocks of approximately

1cm3

(Tissue-Tek®, Sakura-Finitek, Zoeterwoude,

The Netherlands) before

snap-freezing in isopentane/dry ice. For lung parenchyma,

the

was

appropriate lung lobe

PBS before

were

cutting into

inflated with

1cm3 blocks

a

1:1 mixture of O.C.T.™ compound and

and freezing

as

previously described. Blocks

stored at -80°C.

Tissue sections

were

cut to

6pnr thick, mounted

Poole, UK), and stored at -80°C prior to use.
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on

poly-L-lysine coated slides (BDFI,

Cell

suspensions

were

diluted to 5

10? cells/ml in PBS and lOOpl used for

x

cytocentrifuge preparation onto poly-L-lysine coated slides (BDH)
3

to

cytocentrifuge (Thermo-Shandon, Runcorn, UK). Slides

were

using a

Cytospin

(R)

stored at -80°C prior

use.

2.7.2

Single labelling IHC protocol

Antibody binding
Slides

were

was

detected by the EnVision Plus HRP system (Dako, Ely, UK).

removed from -80°C and air dried before fixation in 100% methanol at

20°C for 10 minutes. After fixation, slides
washed twice in PBS and

peroxidase

was

20 minutes at

before

were

room

and

epitopes

in PBS/0.5% Tween 80

(PBS/T80). Endogenous

temperature (RT). Slides were then washed twice in PBS/T80
a

Sequenza slide rack (Shandon). Non-specific tissue antigens

by incubation in 25% normal goat

Monoclonal antibodies
viral

dried under forced air for 10 minutes,

quenched by incubation in 0.3% hydrogen peroxide in PBS/T80 for

loading into

blocked

once

were

-

were

serum

in PBS/T80 for 1 hour at RT.

(Mabs) to several cluster designation (CD), cell surface

or

then applied to sections. Two different incubation times (1 hour

overnight) and temperatures (RT and 4°C)

employed, and their specificity,
in Table 2.4. Controls

were

equivalent concentration of

source,

were

used. Details of the Mabs

incubation conditions and dilution

are

shown

provided by replacing the primary antibody with the
an

IgG fraction from normal

appropriate. All Mabs and controls

were

mouse or rat serum as

diluted in PBS/T80 containing 10% normal

goat serum.
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Slides

were

washed twice in PBS

and

secondary antibody (peroxidase-labelled

polymer conjugated to goat anti-mouse immunoglobulins, included in the EnVision
system kit) was applied to sections for 30 minutes at RT. After a final PBS wash,
sections

were

incubated with the substrate

for 7.5 minutes at RT, washed in

chromagen 3,3'-diaminobenzidine (DAB)

distilled water, counterstained with haematoxylin,

dehydrated in graded alcohols, cleared in xylene and mounted in DPX mounting
medium

(Fischer Scientific, Loughborough, UK).
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2.7.3 Dual

labelling IHC protocol

Tissue sections

were

fixed, blocked and incubated with the

ILA-24, CC20 and 17D

4°C, sections

were

as

mouse

Mabs CC98,

described in Section 2.7.2. After overnight incubation at

washed twice in PBS and secondary antibody (peroxidase-labelled

polymer conjugated to goat anti-mouse immunoglobulins; Dako, Ely, UK)

applied to sections for 30 minutes at RT. Slides

were

washed in PBS and incubated

fluor® 568-tyromide (Molecular probes).

for 10 minutes with Alexa

Sections

were

then blocked for 30 minutes in 10% normal

before incubation with the second
RT. After PBS

washing, slides

adsorbed rabbit anti-rat

was

mouse serum

in PBS/T80

primary antibody, rat Mab SW 73.2, for 1 hour at

were

incubated for 1 hour at RT in 2pg/ml of mouse

IgG FITC (fluorescein-5-isothiocyanate) conjugated antibody

(Vector laboratories, Peterborough, UK), washed and then incubated for 1 hour at RT
in

2pg/ml donkey anti-rabbit IgG Alexa fluor8 488 (Molecular probes). Sections

mounted in Mowiol

mounting medium (Calbiochem-Novabiochem) and allowed to

set for 1 hour at RT before

Details of the Mabs

microscopic analysis.

employed

are

shown in Table 2.4. Controls

were

replacing the primary antibody with the equivalent concentration of
from normal

PBS/T80

mouse or

rat

serum as

appropriate. All Mabs and controls

containing 10% normal goat

10% normal

were

mouse serum

for second

serum

IgG fraction

were

diluted in

for first primary antibody detection, and

primary antibody detection.
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an

provided by

2.7.4

Image acquisition and analysis

Bright field images

were

acquired with

a

Sony DXC-390P 3CCD color video

(Scion Corporation, Frederick, USA) mounted

on

an

camera

Axiovert 100 inverted

microscope (Carl Zeiss, Welwyn Garden City, U.K.). The RGB video signal from the
camera

digitized using Scion Image (Scion Corporation) installed in

was

Macintosh computer

(Apple Computer, Cupertino, USA) fitted with

a

a

G4

CG-7 frame

grabber (Scion Corporation).

Confocal

images

acquired using

were

an

MRC-600 confocal laser-scanning

microscope (CLSM: Bio-Rad Laboratories, Hemel Hempstead, UK) mounted
Axiovert 100 inverted

microscope equipped with Plan-ApochromaG objective lenses

(Carl Zeiss). Fluorophores
(FITC) and 568
Rad

nm

on an

were

excited and imaged sequentially using the 488

(Rhodamine Red-X: RRX) lines from

a

nm

15 mW Kr/Ar laser (Bio-

Laboratories).

Images

were

prepared for this thesis using Object-Image (Vischer et ah, 1994) and

Photoshop (Adobe Systems (UK), Uxbridge, UK). Object-image is
software

package, based

on

a

public domain

NIH Image (Rasband W.S. and Bright D.S., 1995),

developed by Norbert Vischer (The University of Amsterdam, Amsterdam, The
Netherlands) and is available via the Internet at http://simon.bio.uva.nl/obiectimage.html.

Manual cell
and

counting, measurements of epithelial length,

organ

culture dimensions

stereology (Cavalieri method) (Gundersen and Jensen, 1987; Gundersen et al.,

1988)

were

performed

custom software

on

images of DAB

or

HE stained sections

developed for Object-Image.
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as

appropriate using

For DAB stained

sections, to determine the number of positive cells adjacent to the

epithelium of the trachea and bronchi, the number of positive cells in ten X40 fields
was

counted. For cell counts

adjacent to bronchioles, the number of positive cells

adjacent to 5 end-on bronchioles
number of

expressed

was

counted. For lung parenchymal cell counts, the

positive cells in ten random X40 fields

as

the number of cells

positive cells

per mm

performed blind, and statistical analysis

Mann-Whitney procedure

tissue

on

2.8.

was

performed

a

was

cell counts using the

on

Minitab vl4 for Microsoft windows.

sections

were

analysed using
per

an

MPV II fluorescence

section

were

counted and the

single and double positive cells recorded.

Histopathology

Appropriate tissue sections

by

were

epithelium for airways, and the number of

microscope (Leica). 500 fluorescently labelled cells
number of

assessed. Cell counts

lung tissue for lung parenchyma. All cell counting

per mm

Double-labelled

was

were

stained with H&E, and samples

trained histopathologist. Descriptive qualitative comments

were
on

analysed blind

each slide

were

provided.

2.9 Transmission electron

Transmission electron

microscopy

microscopy

was

carried out at the Electron Microscopy Unit,

Summerhall, Edinburgh, UK. Tissue samples (area <lcm )
in

were

fixed by immersion

glutaraldehyde 2.5% v/v in 0.1 M phosphate buffer (PB), pH 7.4. After fixation for
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48

hours, the tissue samples

were

placed in 0.1 M PB for 15 minutes. The PB

was

replaced by 2% osmium tetroxide for 2 hours, and the tissue then dehydrated in
graded water-acetone mixtures and embedded in

an

Epon-Araldite mixture. After

polymerisation at 60°C for 48 hours, ultrathin sections

were cut

uranyl acetate and lead citrate and examined by using

Philips CM 12 transmission

electron

2.10

microscope (Philips, Wilmington, MA, USA) operated at 80kV.

Enzyme linked immunosorbent

2.10.1 Detection

Serum

core

a

and stained with

samples

assays

(ELISA)

of MVV specific antibodies

were

tested for the

presence

of viral specific antibodies to the major

protein p25 of MVV and/or the viral transmembrane protein gp46 using

commercial ELISA

kit, ELITEST

-

a

MVV (Hyphen BioMed, Neuville sur Oise,

France) (Saman et al., 1999). Absorbance values

were

measured using

a

Bio-Tek

Microplate Autoreader (Bio-Tek Instruments Inc., Winooski, VT, USA).

2.10.2 Detection

of Granulocyte/macrophage colony stimulating factor (GM-CSF)

Ovine bronchoalveolar
GM-CSF

using

a

lavage (BAL) supernatants

were

tested for the

presence

quantitative sandwich ELISA (Entrican et ah, 1996). Reagents

of

were

kindly provided by Dr Gary Enrican (Moredun Research Institute, Midlothian, UK).

M129B flat bottomed 96 well ELISA

VA, USA)

were

concentration of

coated with 50pi

plates (Dynatech Laboratories Inc., Chantilly,

per

well of anti-ovine GM-CSF Mab 3C2 at

a

lpg/ml in 0.1M carbonate buffer, pH 9.5, at 4°C overnight. Plates
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were

washed six times with PBS

for 30 minutes at RT with
albumin

(BSA). Plates

containing 0.05% Tween 20 (PBS/T20) then blocked

50(_il

were

per

well PBS/T20 containing 3% bovine

washed two times with PBS/T20 then 50j.il of test

samples (undiluted BAL supernatants),

or

GM-CSF standards (100 to 8000 pg/ml

recombinant ovine GM-CSF diluted in PBS/T20
each well. Plates

were

serum

containing 3% BSA),

were

added to

incubated for 90 minutes at RT, washed six times with

PBS/T20, then 50pl of biotinylated anti-ovine GM-CSF Mab 8D8 (1 pg/ml in

PBS/T20)

was

added to each well. After incubation for 60 minutes at RT, wells

washed six times with
at

2pg/ml in PBS/T20

minutes.

Wells

were

PBS/T20, and 50j.il of streptavidin-peroxidase polymer (Sigma)
was

added to wells, and plates
six

washed

times with

MD, USA) to each well. Colour

was

was

incubated for

a

further 60

(SureBlue1",

KPL, Gaithersburgh,

measured using

a

per

well of 2.5M sulphuric acid. The

Bio-Rad 550 microplate reader (Bio-Rad

Laboratories) equipped with

a

concentration

automatically calculated using the computer

microplate

versus

manager

O.D.

was

50pl

allowed to develop for approximately 2 minutes,

stopped by addition of 50 pi

optical density (O.D.)

were

PBS/T20 before addition of

tetramethylbenzidine (TMB) peroxidase substrate

and the reaction

were

450nm filter.

v4.0 (Bio-Rad).
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A standard

curve

of GM-CSF
program

2.11 In vivo

experimental procedures

2.11.1 In vivo inoculation methods

2.11.1.1 Inoculates

Inoculates included cell-free MVV strain EV1

(Section 2.2.1), mock virus control

(Section 2.2.2), and cell-associated MVV strain EV1 (Section 2.3.3). For in vivo
tracking studies, 0.1% w/v patent blue dye in PBS
exposure

final

experiments, cell-free virus stocks

were

was

used. For differential virus

spiked with patent blue dye (0.01%

concentration) after previously determining the addition of dye had

no

effect

on

virus titre.

2.11.1.2 Intra-tracheal inoculation

For intra-tracheal inoculation of cell free virus and patent

instilled into the
tracheal

proximal third of the trachea with

cartilage. The neck

was

a

21

blue dye, 1ml volumes
gauge

were

needle avoiding the

held in dorso-flexion for 1-2 minutes post-

instillation.

2.11.1.3 Distal tracheal and lower

Distal tracheal and lower

lung instillations

lml volumes of cell-free virus

virus controls
trachea via

a

or

lung inoculation

(with

or

were

carried out under general anaesthesia,

without patent blue dye), cell-associated virus,

patent blue dye were instilled into selected lung lobes or distal

21 gauge

polyethylene catheter inserted into the lateral channel of
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a

flexible

fibre-optic bronchoscope (5.3.mm OD) (Model FG-16X; Pentax, Englewood,

CO, USA.). For in vivo tracking studies and differential virus
the

position of instillates

using

a

using

2.11.2 Sedation

a

experiments,

visualised at 15, 30, 45 and 60 minutes post-instillation

Pentax PSV-4000 video

recorded

were

were

exposure

camera

(Pentax) attached to the endoscope. Images

Videoplus+ DVD recorder (Sony, Park Ridge, NJ, USA).

of sheep for experimental purposes

For intra-tracheal

inoculations, sheep

were

sedated by intra-muscular injection of

xylazine hydrochloride (Rompun, Bayer, Newbury, UK) at

a

dose rate of

approximately 0.5mg/kg.

2.11.3 General anaesthesia and ventilation

Food

was

achieved

withheld for 12 hours

prior to anaesthesia. Induction of anaesthesia

by intravenous administration of

(Rhone Merieux Ltd., Harlow, UK) at
intubated and

were

=

pressure

ventilation

was

single bolus of thiopentone sodium

dose rate of 20mg/kg bodyweight. Sheep
a

large plexiglass whole body

388 litres). The proximal end of the endotracheal tube

connected to the anaesthetic circuit

Negative

a

a

placed in sternal recumbency in

respirator (internal volume
was

ofsheep for experimental purposes

was

through

a connector

achieved by connection to

(Cuirass, Cape Warwick, Warwick, U.K.) which induced

a

in the wall of the box.
a

large bellows

pump

sinusoidal tidal respiratory

pattern, the rate and magnitude of which could be controlled by adjustment of the
pump

itself. Anaesthesia

was

maintained with

and nitrous oxide. A tidal volume of

lOml/kg
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gaseous
was

halothane (2-3%) in

oxygen

maintained. Respiratory rate

was

adjusted to maintain

an

end-tidal CO2 of 4.5-5.5% (Oxicap Monitor Model 4700;

Ohmeda, Louisville, CO, USA).

2.11.4 Blood

Blood

was

sample technique and processing

collected

blood without

by jugular venepuncture. For serological examination, 10 ml of

anti-coagulant

was

collected. Serum

was

clarified by centrifugation at

lOOOg for 5 minutes and stored at -80°C.

For

peripheral blood mononuclear cell (PBMC) isolation, 7ml of blood

into

an

EDTA

mixing with
the

sample

an

was

containing

Vacutainer®

was

collected

(Becton Dickenson, Plymouth, UK). After

equal volume of PBS containing 0.02% (w/v) EDTA (PBS-EDTA),

layered onto 10ml of Ficoll-paque (Amersham Biosiences) and

centrifuged at 800g for 40 minutes. The interface containing PBMCs

was

harvested

and added to 25ml of PBS-EDTA. Cells

were

10 minutes. The resultant cell

re-suspended in 200pl PBS and stored at

pellet

was

pelleted by centrifugation at lOOg for
-

80°C prior to DNA extraction.

2.11.5 Bronchalveolar

BAL

was

Under

were

lavage (BAL)

performed either under general anaesthesia,

or at post-mortem.

general anaesthesia, two 20ml aliquots of normal saline (0.9% NaCl solution)

used to

lavage lung segments after wedging

a

flexible fibre-optic bronchoscope

(5.3.mm OD) (Model FG-16X; Pentax U.K. Ltd.) in selected segmental bronchi.
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At post-mortem, a

bronchi and

BAL

ice

was

a

luer-tipped 50ml syringe

was

single 40ml aliquot of normal saline

passed through sterile

gauze

into

a

wedged into selected segmental

was

used to lavage lung segments.

sterile 50ml Falcon tube and placed

on

prior to processing.

For in vivo MVV

lung challenge experiments, the ovine lung

various anatomical segments to
animal.

was

classified into

allow multiple lung treatments within the

same

Sampling of untreated segments also provided internal controls. This

segmental approach for MVV lung instillation has been previously described (Geballe
et

ah, 1985; Staskus et al., 1991a) A diagrammatic representation of the lung

segments used in this thesis is shown in Figure 2.4.

Trachea

Figure 2.4

Diagrammatic representation of the ovine lung indicating various lung segments used
in this thesis. LC

caudo-dorsal

=

left cardiac

lung lobe. RCD

=

lung lobe; RC

=

Right cardiac lung lobe; LCD

Right caudo-dorsal lung lobe.

92

=

left

2.11.6 BAL

BAL

processing

samples

were

centrifuged at 400g for 7 minutes at 4°C to separate out the

cellular fraction. The resultant cell
total

cell

counted

number

pellets

before

were

re-suspended in sterile PBS and the

subsequent cytocentrifuge preparation, cell

purification and fluorescence activated cell sorting (FACS) analysis

For isolation of cell-free virus

a

(Section 2.2.4), BAL supernatants

as

appropriate.

were

passed through

0.2pm syringe driven filter (Nalgene) before storage at -80°C.

2.11.7

Cells

per

Differential cytology of BAL cells

were

counted

using

a

Neubauer haemocytometer and values expressed

ml BAL fluid. Cytocentrifuge slides

prepared (5

were

stained with Leishman's stain. Differential cell
Cells
cells

were

or

2.11.8

classified

'other'cells

was

104 cells

per

performed

on

slide) and
500 cells.

macrophages, neutrophils, lymphocytes, eosinophils, mast

according to standard morphological criteria.

Purification of alveolar macrophages (AMs)

Purification of AMs
and

as

counting

x

as counts

was

based

on a

procedure described by Legastelois et al., 1996

Zhang et al., 2002, which relies

on

preferential adherence of macrophage

populations to tissue culture flasks. After pelleting and counting of BAL cells, cells
were

re-suspended in 7ml RMPI 1640 medium containing 10% FCS, 2mM L-

glutamine, 50u/ml penicillin, 50/ig/ml streptomycin, 2pg/ml amphotericin B and
0.05M

P-mercaptoethanol, and seeded into 25
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cm2 tissue culture flasks (Nunc). After

2 hours incubation at 37°C with 5%

washing with PBS. Adherent cells

CO?, non-adherent cells

were

trypsinised, washed

were

once

removed by

with 7ml fresh

medium, and re-suspended in 350pl RLT buffer (Qiagen) containing 1% v/v (3-

mercaptoethanol. Total RNA extraction

was

then carried out

as

described in Section

2.4.3.

This

as

purification method consistently resulted in 96 to 98%

determined

pure

populations of AMs

by morophological assessment (Section 2.11.7) and CD14 staining

(Section 2.7.2) of cytocentrifuge preparations during preliminary experiments (data
not

shown).

2.11.9 Fluorescent

Cells

were

labelling ofMVV infected BAL cells with PKH-26 dye

fluorescently labelled using

a

PKH-26 Red fluorescence cell linker kit

(Sigma). After harvesting and infection of BAL cells
and 2.3.3

without

respectively, cell pellets

serum.

Cells

were

were

as

described in Sections 2.11.5

re-suspended in 10ml RPMI 1640 medium

pelleted by centrifugation at 400

g

for 5 minutes, and

suspended in 1 ml Diluent C (included in the kit). After addition of lrnl of 4
molar PKH 26

with

dye in Diluent C, cell suspensions

gentle agitation. The staining reaction

was

were

x

re-

10"6

incubated for 4 minutes at RT

stopped by adding 2ml of FCS and

incubating for 1 minute at RT. After addition of 4ml RPMI 1640 medium
supplemented with 10% FCS (RPMI/FCS), cell suspensions
for 5 minutes. Cell
400 g

pellets

pellets

were

centrifuged at 400

g

re-suspended in 10ml RPMI/FCS and centrifuged at

for 5 minutes. A total of three washes in RPMI/FCS
were

were

finally re-suspended in

an

were

carried out before cell

appropriate volume of sterile PBS. Viable cell
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counts

were

performed using trypan blue exclusion. Prior to

use

of labelled cells,

aliquot of the stained cells

was

analysed using

cytocentrifuge preparation of
MPV II fluorescence

an

microscope (Leica) to

assess

a

an

the intensity and uniformity of

staining.

2.11.10 Detection

ofPKH-26 labelled cells

At post-mortem,

tissue and BALs from appropriate lung segments, and samples of

caudal

tracheo-bronchial,

collected and

were

detected

processed

using

2.11.10.1 Detection

a

as

cranial mediastinal

ofPKH-26 labelled cells using fluorescence microscopy

cytocentrifuge preparations

each before incubation in 0.5 M

for 5 minutes. After

a

fixed for 5 minutes in

washed twice in PBS for 3 minutes

SYBR-green (Roche) diluted 1:20,000 in PBS

final PBS wash, slides were mounted in

Mowiol mounting

(Calbiochem-Novabiochem) and allowed to set for 1 hour at RT before

microscopic analysis using

an

MPV II fluorescence microscope (Leica).

cytocentrifuge preparations,

PKH-26

were

were

glycine in PBS for 5 minutes at RT. After 2 further

PBS washes, slides were incubated in

For

were

combination of fluorescence microscopy and flow cytometry.

paraformaldehyde in PBS at RT. Slides

medium

lymph nodes

described in Sections 2.7 and 2.11.5. PKH-26 labelled cells

Relevant tissue sections and
4%

and inguinal

a

total of 1000 cells

were

positive cells recorded. For tissue samples,

100/mn intervals

were

analysed

per

a

counted and the number of
total of 10 sections cut at

sample, and the location of positive cells recorded.
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2.11.10.2 Detection

of PKH-26 labelled cells using flow cytometry

Fluorescence activated cell
for

sorting (FACS)

used to

was

screen

possible PKH-26 positive cells. Fluorescence miscroscopy

to confirm whether

was

positively sorted cells

were

large numbers of cells
was

subsequently used

truly PKH-26 positive. This technique

employed for analysis of lymph node and BAL cells.

To prepare

single cell suspensions for subsequent FACS analysis, lymph nodes

disaggregated by placing in
gently dissecting with

a

a

petri dish containing 5ml RPMI 1640 medium and

scalpel and rat-toothed forceps. The medium

centrifuged at 400g for 5 minutes. Cells
through

a

detailed in Section 2.11.6. Cell counts

FACS

were

analysis

acquisition

was

Dickinson). A positive gate

then

performed

on

were

processed

as

lymph node and BAL cell

106 cells/ml.

carried out using

analysis

and

x

were

was

re-suspended in PBS and passed

70/im cell strainer (Becton Dickenson). BAL samples

suspensions, and adjusted to 2

were

were

was

a

FACSDiva machine (Becton Dickinson). Data

performed

using CellQuest

software

(Becton

created using in vitro PKH-26 labelled BAL cells

allowing collection of fluorescence positive cells with similar size and complexity to
AMs.

Sorting

sorted cells

was

were

stored at -80°C

performed for 3

collected and

events for each sample. Positively

cytocentrifuge preparations

were

(Leica). In addition, cytospins
antigen

106 total

were

made. Slides

were

prior to analysis.

Cytocentrifuge preparations

CD14

x

as

analysed using

were

an

MPV II fluorescence microscope

subjected to immunohistochemical staining for

described in Section 2.7.2.
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2.11.11 Euthanasia and post-mortem

Sheep

were

Merieux

analysis

euthanased by intravenous injection of pentobarbitone (Euthatal, Rhone

Ltd.) at

a

dose rate of lOOmg/kg. Lungs

were

removed with the draining

lymphatics attached. Digital images of whole lung were captured using Minolta
DiMAGE 5

performed

digital

on

camera

(Minolta Corporation, Ramsey, NJ, USA). After BAL

was

the appropriate lung segments, samples of caudal tracheo-bronchial,

cranial mediastinal and
dissected out and

inguinal lymph nodes, and appropriate lung segments

were

processed for nucleic acid extraction and tissue sectioning

described in Sections 2.4 and 2.7

respectively.
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as

CHAPTER 3

MAEDI-VISNA VIRUS INFECTION OF OVINE TRACHEAL ORGAN

CULTURES
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3.1 INTRODUCTION

As detailed in

(MVV),

an

Chapter 1, the main routes of transmission of Maedi-visna virus

ovine lentivirus,

are

and/or milk, or inhalation of

thought to be through ingestion of infected colostrum

respiratory secretions (Pepin et ah, 1998; Blacklaws et

ah, 2004). Whereas oral transmission
small intestinal
in the

appears to

be mediated via uptake of virus by

epithelial cells (Preziuso et ah, 2004), the mechanism of virus uptake

respiratory tract is

as yet

unknown.

Recent studies have identified intra-tracheal inoculation

experimental MVV infection. In
for intra-tracheal route
route

was

5

x

was

highly efficient route of

study, the minimum infectious doses of MVV

found to be

101 TCID50, whereas that for the intra-nasal

106 TCID50 (Torsteinsdottir et ah, 2003). This suggests that the lower

respiratory tract and not the
the

one

as a

upper

respiratory tract (nasal cavity and naso-pharynx) is

major site of MVV entry during respiratory transmission. It is unclear exactly

which parts

of the respiratory tract

are

exposed by intra-tracheal instillates, although

certainly trachea and possibly lower lung (bronchioles and alveolar areas)
involved.
not

been

may

be

Comparisons between trachea and lower lung for infection efficiency have
performed. Therefore it is unclear if the high sensitivity of the tracheal route

for infection represents a

unique feature of the trachea

mucosa, or

is due to

exposure

of lower

lung,

Mucosal

uptake of lentiviruses has been studied at oral, intestinal and vaginal sites,

either

through

or

both.

use

of

organ

culture systems

or

in vivo experimentation. The major

target cells for SIV and HIV at mucosal surfaces appear to be

sub-epithelial

populations of dendritic cells, with little evidence of epithelial cell involvement (Spira
et

al., 1996; Hu et al., 2000; Chou et ah, 2000; Bhoopat et ah, 2001). However, the

initial site of virus entry

intestinal

in lambs orally infected with MVV

appears to

be the small

epithelial cell, with subsequent infection of sub-epithelial monocytes

(Preziuso et al., 2004). Uptake of MVV by respiratory

mucosae

investigated. The major target cells for MVV in vivo

known to be macrophages

and dendritic cells
that

are

has not yet been

(Brodie et al., 1995b; Ryan et al., 2000). Therefore it is possible

uptake at respiratory mucosal surfaces

may

involve these cell types, although

they have not yet been characterised in the ovine respiratory tract. MVV has also been
demonstrated within
et

respiratory epithelial cells in vivo (Staskus et al., 1991a; Gelmetti

al., 2000) and these cells may represent an additional target for MVV uptake in the

respiratory tract.

A main function of the

respiratory epithelium is to act

as a

barrier to dissemination of

microorganisms (Welsh and Mason, 2001). A key component of the epithelial
"barrier" is the

tight junction, which mechanically links epithelial cells to each other

to maintain the structural

integrity of the epithelial sheet, and acts

diffusion barrier (Matter

and Balda, 2003). In addition, tight junctions act

"fence",

dividing

the

epithelial

cell

membrane

into

apical

as

or

para-cellular
as a

baso-lateral

compartments which differ in integral membrane protein and lipid composition

(Tsukita et al., 2001). Disruption of tight junctions in the respiratory epithelium has
been shown to enhance

uptake of a number of viruses including Adenovirus (Wang et

al., 2000a; Gregory et al., 2003), Vesicular stomatitis virus (Fuller et al., 1984),

Moloney murine leukaemia virus (Wang et al., 1998) and Epstein-barr virus (Tugizov
et

al., 2003). This is though to be due to increased

appear to

access to

viral receptors, which

be preferentially located in the baso-lateral compartment of the epithelial

cell membrane. The cellular

receptor(s) for MVV have not yet been identified. It is

possible that disruption of tight-junctions in the respiratory epithelium
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may

increase

MVV

uptake, either by increased

cellular transport to

the viral receptor,

access to

or

increased

para-

sub-epithelial cell populations.

Respiratory epithelium is known to be activated by

a

number of microbial substances

including bacterial lipopolysaccharide (LPS), which result in epithelial cell expression
of inflammatory
and

viral

mediators (Diamond et ah, 2000). It has been shown that pre-existing

bacterial

infections

at

mucosal

transmission of both HIV and MVV

be due to

may

a

sites

cellular

or

number of factors including inflammatory recruitment of target cells,
as a

result of inflammation (Coyne et

alterations in the susceptibility of epithelial cells to virus

as a

result of

activation, possibly mediated by bacterial LPS.

In summary,

the

to increase the risk of

(Palsson, 1976; Sewankambo et ah, 1997). This

disruption of epithelial tight-junction integrity
al., 2002),

appear

it

can

be

seen

that

a

number of key questions related to MVV uptake in

respiratory tract remain unanswered. Firstly, it is unclear to what extent the

tracheal

mucosa

is involved in initial virus

uptake, and how sensitive it is in

comparison to the lower lung. Secondly, the initial target cells within the respiratory
tract

have not been identified.

activation

on

MVV

Finally, the effect of respiratory epithelial disruption

uptake is not known.
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or

3.2 AIMS

The overall aim of this

chapter is to

MVV and the ovine trachea in vitro,

of MVV at the

The

answer a

number of key questions relating to

and utilise the trachea

as a

model to study uptake

respiratory epithelium.

key questions to be addressed

are:

1) Is the ovine trachea infectable by MVV?

2) If so, how efficient is virus uptake by ovine trachea?

3) Is infection of ovine trachea productive

4) What cell types

are

or

restricted?

involved in infection of ovine trachea?

5) Is uptake of MVV by ovine trachea affected by epithelial integrity

or

activation

status?

In order to

answer

these

questions,

developed and subsequently used in
semi-nested PCR assays were
MVV gene

a

an

ovine tracheal

organ

culture system

was

number of in vitro infection studies. In addition,

developed to detect MVV provirus, and early and late

transcripts in order to characterise MVV replication within
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organ

cultures.

3.3 RESULTS

3.3.1

Development of an ovine tracheal

Organ cultures

were

prepared

as

organ

culture system

described in Section 2.1.2. Briefly, initial

cultures consisted of 6mm discs of trachea incubated either
culture medium
calf

was

serum

containing either 2% Ultroser-G" (USG)

(FCS)

or

10% FCS. In the modified

organ

partially

serum

or

organ

completely in

substitute, 5% foetal

culture system, tracheal

mucosa

separated from underlying cartilage and cultured either partially of completely

submerged in culture medium.

The

strength of epithelial cilial beating

microscopy
cultures

assessed by direct visualisation using light

second day, and at 7 days. After 3 and 7 days, representative

every

were

was

fixed and stained with H&E to

assess

morphology. Six replicates

were

carried out for each treatment group.

3.3.1.1

Ciliary activity

The effects of
tracheal organ

consistently

serum

supplementation

culture system

more

vigorous in

are

organ

on

the strength of cilial beating in the initial

summarised in Table 3.1. Cilial activity

cultures incubated with 2% USG compared to

cultures incubated with FCS. Moderate Cilial
level

activity

throughout the 7 day incubation period in

USG. There

was a

organ

was

activity

was

recorded in
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maintained at

a

similar

cultures incubated with 2%

progressive decline in cilial activity in

with 10% FCS. No cilial

was

organ

organ

cultures incubated

cultures incubated in 5%

FCS. For

subsequent experiments, culture medium containing 2% USG

was

used

(optimal culture medium).

In

an

were

partially immersed in optimal culture medium allowing

surfaces to air. The effects of partial
medium

on

cilial

immersion

immersed organ
maintained

versus

cultures, but
at

completely immersed

a

was

was

organ

a

of epithelial

culture system

are

present at 2 days in partially

throughout the 7 day incubation period in

cultures. Therefore using the initial

partial immersion resulted in

exposure

cultures

absent from day 4 onwards. Moderate cilial activity

similar level

organ

beating

organ

complete immersion in culture

activity using the initial tracheal

summarised in Table 3.2. Weak cilial

was

initial

attempt to mimic more normal physiological conditions,

organ

culture system,

significant reduction in cilial activity compared to

complete immersion in culture medium.

In

a

further attempt to

modified organ
immersion in

beating
cilial

was

maintain tracheal

culture system

was

cultures at

an

air-liquid interface, the

developed. The effects of complete

optimal culture medium

was present at

organ

are

or

partial

summarised in Table 3.3. Vigorous cilial

2 days in partially immersed cultures, compared to moderate

beating in completely immersed cultures. From day 4 onwards, cilial beating
reduced in

intensity in both culture systems, but

was

always

more

vigorous in

partially immersed cultures. Therefore using the modified system, partial immersion
appeared to increase the strength of cilial beating compared to complete immersion in
culture medium.
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Cilliary activity
DAY

2

4

6

7

+

++

++

++

-

-

-

-

++

+

+

+

SERUM^\^^
2% USG
5% FCS
10% FCS

Table 3.1 The effect of
culture system.
or

Cultures

10% FCS. The

were

supplementation

was

ciliary activity using the initial tracheal

assessed by direct visualisation

(-), weak (+), moderate (+ +)

consistently had

on

organ

completely immersed in culture medium containing 2% USG, 5% FCS

strength of cilial beating

scored either absent
2% USG

serum

more

vigorous (+ + +). Organ cultures incubated with

or

vigorous cilial beating. No cilial activity

incubated with 5% FCS. The results

are

expressed

second day and

every

as

the most predominant

was

observed in cultures

score over

6 replicates for

each treatment group.

Cilliary activity
DAY

2

4

6

7

Complete

+

++

++

++

Partial

+

-

-

-

Immersion~\^^

Table 3.2 The effect of complete and

using the initial
medium
second

organ

partial immersion in optimal culture medium

culture system. Cultures

were

either completely

containing 2% USG. The strength of cilial beating

was

consistently

more

score over

6

replicates for each treatment

partially immersed in explant

or

group.
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are

every

vigorous (+ + +). Completely

vigorous cilial beating. No cilial activity

partially immersed cultures from day 4 onwards. The results

ciliary activity

assessed by direct visualisation

day and scored either absent (-), weak (+) moderate (+ +)

immersed cultures had

or

on

expressed

as

was

observed in

the most predominant

Cilliary activity
DAY

2

4

6

7

Complete

++

+

+

+

Partial

+++

++

++

++

Immersioii~^\_

Table 3.3 The Effect of

using the modified

complete and partial immersion in optimal culture medium

organ

culture system. Cultures

were

either completely

explant medium containing 2% USG. The strength of cilial beating
every

was

consistently

more

vigorous cilial beating. There

ciliary activity

partially immersed in

assessed by direct visualisation

second day and scored either absent (-), weak (+) moderate (+ +)

immersed cultures had

or

on

or

vigorous (+ + +). Partially

was a

decline in cilial beating

strength from day 4 in both complete and partially immersed cultures. However, cilial activity
always

more

predominant

vigorous in partially immersed
score over

organ

6 replicates for each treatment
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cultures. The results
group.

are

expressed

as

was

the most

3.3.1.2

Histopathology

Representative images of H&E stained sections of
culture system are

medium

shown in Figure 3.1, panels A to D. Complete immersion in

containing 2% USG resulted in preservation of

epithelium in both day 3 and day 7
medium
of the
and

organ

a

pseudostratified ciliated

cultures (Figure 3.1.A). Immersion in

containing 5% FCS resulted in extensive loss of cilia,

metaplasia

squamous

epithelium and occasional complete sloughing of epithelial layer at both day 3

day 7 (Figure 3.l.B). Similar epithelial changes

completely immersed in 10% FCS, although
FCS and did not result in

degenerative changes in all

and loss of the

were

complete loss of cilia

Partial immersion of initial organ
severe

cultures using the initial

organ

or

were seen

in

organ

cultures

not as severe as those seen with 5%

epithelial sloughing (Figure 3.1.C).

cultures in medium containing 2% USG resulted in
organ

cultures with complete loss of cilia by day 3

majority of epithelium by day 7 (Figure 3.1 .D).

In all initial organ

cultures, degenerative changes

were

observed in the submucosa

including loss of structural integrity of the connective tissue layers, sloughing and
karyorrhexis of the vascular endothelium and submucosal glandular epithelium, and

degeneration of submucosal cell nuclei. Degenerative changes

were more

apparent in

day 7 cultures.

Representative images of H&E stained sections of organ cultures using the modified
organ

culture system

2% USG resulted in

are
a

shown in Figure 3.2, panels A to F. Complete immersion in

degree of loss of ciliated pseudostratified epithelium by day 3

(Figure 3.2.A). In comparison, partial immersion resulted in much better preservation
of

epithelial architecture at day 3 (Figure 3.2.B and C). Degenerative changes within

the submucosa of both

partially and completely immersed cultures
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were

similar to

those observed in the

initial

organ

culture system including karyorrhexis and

sloughing of submucosal glandular epithelium (Figure 3.2.D). At day 7, the tracheal

epithelium of completely immersed cultures still exhibited
although

a

some

pseudostratification,

large proportion of epithelium had become and cuboidal (Figure 3.2.E). In

partially immersed cultures, epithelial structure
(Figure 3.2.F). There also appeared to be

was

some

still reasonably intact after 7 days

evidence of cellular tracking into the

epithelium of partially immersed cultures at day 7 (Figure 3.2.F).

Therefore, for the initial

organ

culture system, complete immersion in medium

containing 2% USG resulted in the best preservation of epithelial architecture. Using
the

modified organ

culture system, partial immersion

was

better at preserving

epithelial architecture compared to complete immersion. In all
similar

degree of submucosal degeneration

was

3.3.1.3

Summary of optimal tracheal

culture conditions

In summary,

organ

organ

cultures,

observed.

observations of cilial activity and histopathological assessment of

tracheal organ

cultures

were

in general agreement and allowed determination of the

optimal culture conditions for subsequent experiments. For the initial

organ

culture

system, this involved complete immersion in culture medium containing 2% USG.
For the modified organ

medium
MVV

culture system, cultures

containing 2% USG. The initial

infectability studies. Given the

epithelium in the modified
studies of initial virus

organ

organ

more

were

partially immersed in culture

culture system

was

used for initial

physiologically relevant condition of the

culture system, this protocol

uptake at the epithelial surface.
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was

used for specific

a

Figure 3.1

Representative images of H&E stained sections of tracheal
initial organ
for 7

cultures using the

culture system showing differences in epithelial viability after incubation

days under various conditions. (A): Complete immersion in culture medium

containing 2% USG showing preservation of
Note the presence

a

ciliated pseudostratified epithelium.

of cilia (arrowhead). (B): Complete immersion in medium

containing 5% FCS showing
A

organ

squamous

metaplasia of the epithelium and loss of cilia.

portion of the epithelial layer has been lost (arrow). (C): Complete immersion in

medium

containing 5% FCS showing

of cilia.

Degeneration of

immersion in medium

layer. E

=

a

squamous

metaplasia of the epithelium and loss

submucosal gland is evident (arrow). (D): Partial

containing 2% USG. There is complete loss of the epithelial

epithelium. All bars represent 25//m.
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Figure 3.2

(A)
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(B)
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Figure 3.2

Representative images of H&E stained sections of tracheal
modified organ

culture system using either complete

or

organ

cultures using the

partial immersion in medium

containing 2% USG. (A): Complete immersion at day 3 demonstrating
epithelial pseudostratification (bar

demonstrating preservation of
presence

section

a

of cilia (arrowheads) (bar
seen

in

the

=

some

loss of

25/mf). (B): Partial immersion at day 3

ciliated pseudostratified epithelium. Note the
=

25//m). (C): A lower powered view of the

previous panel demonstrating reasonable preservation of

submucosal architecture

(bar

=

50/un). (D): Degeneration of submucosal glands in

a

partially immersed culture at day 7. Note the sloughing of the glandular epithelium
(arrows) (bar

=

25/mr). (E): Complete immersion at day 7 showing

epithelial pseudostratification (bar

=

into the

E

=

are

still present

=

a

ciliated pseudostratified epithelium.

(arrowheads) and there is evidence of cell trafficking

epithelial layer (arrows) (bar

epithelium; SM

loss of

25/im). (F): Partial immersion at day 7

demonstrating reasonable preservation of
Numerous cilia

some

=

25/rm).

submucosa; SMG

=

submucosal glands.
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3.3.2

Development and characterisation of a semi-nested PCR

assay for

detection of

MVV provirus

Preliminary experiments indicated that the single round PCR protocol routinely used
in

our

laboratory to detect infected animals using primer pair

gag

1 (sense) and

gag

2

(anti-sense) lacked the required sensitivity to detect MVV proviral DNA in tracheal
organ

cultures exposed to MVV. In order to increase the sensitivity of the PCR

reaction,

a

rounds of

primer,
and gag

semi-nested PCR

developed (snPCR), which involved

amplification using the original
5. First round PCR products

gag

2

was

sense

were

dilutions of plasmid

1, and

a new

anti-sense

then re-amplified using primers

gag

1

was

analysed by amplification of serial

pDSl containing the whole MVV

gag gene,

and

was

compared to

single round PCR protocol. To account for potential non-specific priming, 200pg

MVV free ovine

genomic DNA

The results from

The

gag

initial 15

outlined in Section 2.5.1.

as

The detection threshold of the snPCR reaction

the

primer,

an

a

added to each reaction.

single round and semi-nested PCR

single round PCR

and resulted in

was

assay was

assays are

shown in Figure 3.3.

able to detect approximately 50,000 plasmid copies,

single product of the correct size (Figure 3.3.A). The semi-nested

PCR assay

increased the sensitivity 1000-fold to approximately 50 plasmid copies,

and

small amount of non-specific priming

only

a

copies (Figure 3.3.B). This semi-nested PCR

experiments.
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was present

assay was

from < 500 plasmid

therefore used in subsequent

Figure 3.3

Determination of the detection threshold of a snPCR

Serial dilutions of plasmid

specific forgagDNA

pDSl-gog- containing the whole gag gene in distilled water

supplemented with 200ng of MVV free ovine genomic DNA
products
to

were

resolved by

the number of plasmid

primers gag 1 and
followed

by

gag

sequences.

agarose

copies

were

amplified. PCR

gel electrophoresis. Numbers above the lane refer

per

PCR reaction. (A): Single round PCR using

2. (B): snPCR using

1st round primers gag 1 and gag 5

2nd round primers gag 1 and gag 2. bp = base-pair ladder.
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3.3.3

Sensitivity of tracheal

To determine

(a) if tracheal

infectious dose of virus
tracheal organ

Tracheas

organ

cultures

were

organ

cultures to MVV

cultures

are

infectable by MVV, (b) the minimum

required, and (c) whether infection is productive

were

2hrs in

obtained from 6 adult

greyface sheep previously found to be

varying dilutions of MVV strain EV1, from
cultures

thoroughly

as

cultures

At

to

organ

were

cultures

were

culture system detailed in Section 3.3.1. Cultures

Two organ

were

restricted,

infected with varying titres of MVV strain EV1.

negative by ELISA for MVV. For each sheep, 14
the initial organ

or

106 TCIDso/ml

prepared using

were

to

ensure no carry-over

incubated for

102 TCIDso/ml.

used for each dilution. After 2 hrs, explants

described in Section 2.3.2 to

sero¬

washed

were

of input virus. Organ

subsequently incubated for 7 days.

day 7, explants

were

detect MVV gag

halved. DNA

was

extracted from

one

half for snPCR analysis

proviral DNA (Section 2.5.1), and the other half was

snap

frozen,

cryostat sectioned and subjected to IHC to detect viral core protein p25 as detailed in
Section 2.7.2.. Virus titrations
of wash fluid from the last

were

carried out

as

detailed in Section 2.2.3

on

samples

washing step after virus incubation and day 7 culture

supernatants.

Negative controls included mock-infection of organ cultures, and harvesting cultures
after the initial

washing step to

provirus production and not

ensure any

carryover

PCR signal

was a

from input virus stocks.
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result of de

novo

3.3.3.1 SnPCR

A summary
was

of

analysis ofMVV infected tracheal

detected in 100% of

other

explants incubated with

organ

cultures derived from

assess

performed

an agarose

one source

106 TCID5o/ml MVV, and in 66.6%
was

detected in

of tracheal

organ

were

gel of PCR products generated from

sheep is shown in Figure 3.4.B.

culture supernatants

release of free virus into the organ
on

proviral DNA

culture incubated with virus. All mock infected explants

3.3.3.2 Virus titration

To

gag

105 TCID5o/ml MVV. No proviral DNA

negative. A representative image of
organ

culture

of snPCR analysis is shown in Figure 3.4.A. MVV

explants incubated with

any

organ

day 7 culture supernatants. As

a

culture supernate, virus titrations

control for potential

carryover

were

of input

virus, samples of wash fluid from the last washing step after virus incubation were
also titrated

(day 0). Positive virus titres

were

supernatants of organ cultures incubated with

significant difference in titre

was seen

found in both last wash and day 7

106 TCID5o/ml

MVV. However,

between day 0 and day 7 time-points (Figure

3.5). This suggests that virus detected at day 7 is most likely to be
input virus. All other supernatants tested

3.3.3.3 Immunohistochemical detection

were

carry-over

ofMVV capsid protein p25

organ

cultures. A

positive control sample consisting of in vitro infected ovine skin cells was
was

from

negative.

Immunohistochemistry failed to detect MVV capsid protein in all

parallel with all samples and

no

consistently positive.

115

run

in

Figure 3.4
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1

Mock

Figure 3.4

Detection of maedi-visna virus
in vitro

infection.

(MVV) provirus in ovine tracheal

Organ cultures

were

organ

cultures after

incubated in duplicate with 10

to 10

TCIDso/ml MVV strain EV1 for 2 hours. After washing, cultures were incubated for 7

days before performing semi-nested PCR to detect MVV proviral DNA.

(A): Summary of PCR results from duplicate
MVV

provirus

was

organ

cultures from 6

detected in 100% of organ cultures incubated in

virus, and in 66.6% of organ cultures incubated in

provirus

was

detected in

any

cultures incubated in <

source

sheep.

106 TCIDso/ml of

105 TCIDso/ml of virus. No

104 TCIDso/ml of virus

or

in

any

mock infected cultures.

(B): Example of
derived from
4

=

a

an agarose

gel of PCR products generated from

single sheep. Lanes 1-2

incubation in

MVV; lanes 6-7

=

=

incubation in

105 TCIDso/ml MVV; lanes 5-6
incubation with

103 TCIDso/ml MVV; lanes 9-10
mock-infected organ

=

104 TCIDso/ml
incubation in

cultures; lanes 13-14

analysis after washing step. +

=

=
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MVV; lanes 3-

incubation in

104

MVV; lanes 7-8

102

-

=

cultures

106 TCIDso/ml

=

TCIDso/ml

incubation with

TCIDso/ml MVV; lanes 11-12

incubation in

positive control;

ladder.

=

organ

=

106 TCIDso/ml and PCR

negative control, bp

=

base pair-

50

ui

1

40

-

30

-

CL

O
x:
■4-»

i
w

20

"53

5

10

-

0 A

T

Day 0

,

Day 7

Figure 3.5

Virus titrations of last wash

organ

(day 0) and day 7 supernatants (day 7) from tracheal

cultures incubated with

106 TCIDso/ml of MVV strain EV1. Titres

expressed in % wells with visible cytopathic effect (C.P.E.),

as

titres

insufficiently high for calculation of TCID50. No significant difference in titre
seen

between

deviation;

11=

day 0 and day 7 samples. Values represent the
12.
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mean ±

are

were
was

standard

3.3.3.4 Evaluation

of MVVprovirns production in 7 day tracheal organ cultures

Analysis of MVV infection in tracheal
exhibited

a

restricted

also exhibited

a

organ

cultures at 7 days suggested that MVV

replication pattern. However,

reasonable

activity of cells within the explant. To
days, four 7 day old

using the initial

organ

organ

The

assess

culture system

were

washing, 2

reflect

may

loss of metabolic

a

the metabolic activity of the explants at

cultures derived from

strain EV1 for 2 hours. After
hours

cultures at this time point

degree of degeneration (Section 3.3.1.2), raising the

possibility that this restricted replication pattern

7

organ

a

sero-negative adult greyface

incubated in 1

organ

cultures

were

x

106 TCID5o/ml

cultured for

prior to DNA extraction and subsequent snPCR analysis for MVV

remaining 2

analysis to
carryover

organ

ensure any

cultures

were

PCR signal

a

ewe

MVV

further 24

gag

provirus.

harvested immediately after the washing step for

was a

result of de

novo

provirus production and not

from input virus.

The results

shown in

are

in both organ

Figure 3.6. Provirus

was

detected at 24 hours post-infection

cultures infected at 7 days. No proviral signal

negative control. Therefore, 7 day old

production and

are, to some extent,

observed restricted
loss of metabolic

organ

are

detected in either

still capable of provirus

still metabolically active. This suggests that the

replication in tracheal

activity within

cultures

was

organ

organ

cultures.
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cultures

may not

be entirely due to

a

bp
500
300
1

2

3

4

+

Figure 3.6

Semi-nested PCR detection of MVV gag
after in vitro infection at 7
MVV strain EV1

days old. Organ cultures

for 2 hours. After

processed for PCR analysis
Provirus

was

provirus in ovine tracheal

or

a

cultures

incubated in 106 TCID50/ml

washing, cultures

cultured for

detected in both organ

were

organ

were

either immediately

further 24 hours prior to PCR analysis.

cultures 24 hours post-infection but not 2 hours

post-infection.

Lanes 1-2: incubation in

106 TClDjo/ml MVV for 24 hours; lanes 3-4: incubation in

106 TClD5o/ml MVV for 2 hours.

+ =

positive control;

pair-ladder.
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-

=

negative control, bp

=

base

3.3.4

MVVgene expression in tracheal

The

previous experimental infection of ovine tracheal

consistent detection of de

novo

organ

pro virus

cultures

organ

cultures resulted in

production in cultures incubated in

106

TCID50/ml of MVV. However, immunohistochemistry failed to detect MVV capsid

protein within

organ

cultures, and free virus

was not

released into the culture

supernatant. This suggested that MVV was exhibiting a restricted replication pattern
in ovine tracheal organ

infection,
to detect

cultures. To investigate further the restricted nature of this

transcriptase semi-nested PCR (RT-snPCR)

reverse

spliced transcripts of the MVV

and late in the MVV

Organ cultures

and

env,

which

are

developed

expressed early

lifecycle respectively.

were

using the initial

genes rev

assays were

prepared from two MVV sero-negative adult greyface sheep

organ

culture system (Section 3.3.1) and

were

incubated in

106

TCID5o/ml of MVV strain EV1 for 2 hours. After washing, explants were cultured for
7

days before RNA extraction and RT-snPCR analysis. RT-PCR detection of the

housekeeping
RNA

gene

ATPase

was

carried out in parallel to verify the quality of the

preparation.

Controls included mock-infection, incubation with an

inactivated MVV, and
PCR

signal

was a

equivalent volume of heat-

harvesting cultures after the initial washing step to

result of de

novo

viral transcription and not

carryover

ensure any

from input

virus stocks.

Both

rev

and

env

detected in any

yielded

an

transcripts

were

detected in all 7 day

organ

control cultures (Figure 3.7). However, the

cultures. No signal
env

RT-snPCR

was

assays

unexpected extra PCR product approximately 50bp larger than that
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predicted from previously known sequencing data. The double band

was

absent in

positive control samples generated from in vitro infected ovine skin cells. To
determine the

identity of the PCR products, both bands

purification, cloned and sequenced

as

of

env

by

gene

a

isolated by gel

described in Section 2.6.1.

Sequencing identified both PCR products
differed

were

were

specific for MVV

45bp insert in the larger PCR product

as a

env gene,

result of alternative splicing

transcripts. Alignment of sequencing data with the published

MVV strain EV1

and

sequence

of

(Sargan et al., 1991) (Figure 3.8) revealed both transcripts contained

identical 5' and 3' sequences,

and shared splice donor and acceptor sites at nucleotide

positions 318-319 and 5991-5992 respectively. Novel splice acceptor and donor sites
used in the

generation of large

4877-4878 and 4922-4923

env

transcripts

were

identified at nucleotide positions

respectively. The lack of

control PCR assays

would

variants within these

samples.

appear

a

double band in the positive

to reflect a predominance of the smaller splice
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Figure 3.7
Reverse

transcriptase semi-nested PCR (RT-snPCR) detection of MVV

transcripts in ovine tracheal
derived from 3
an

sheep

source

organ
were

gene

cultures after in vitro infection. Organ cultures

incubated with 106 TCIDjo/ml MVV strain EV1

or

equivalent volume of heat-inactivated virus for 2 hours. After washing, cultures

were

incubated for 7

days before performing RT-snPCR

assays to

detect MVV

transcripts generated early and late in the virus lifecycle. Representative
of PCR

products generated from

shown above.
detection of

cultures derived from

(A): RT-snPCR detection of

env

ATPase. Both

organ

gene

rev

rev gene

Lane 1

=

one source

sheep

ATPase signal

incubation with

was

were

gels
are

transcripts; (B): RT-snPCR

transcripts, generated early in the virus lifecycle, and

transcripts, generated late in the virus lifecycle
cultures. A strong

agarose

transcripts; (C): RT-PCR detection of the housekeeping

gene

gene

gene,

env gene

detected in all infected

organ

detected in all samples.

106 TCID50/ml MVV; lane 2

=

incubation with heat-

inactivated MVV; Lane 3 = mock infected cultures; lane 4 = incubation with

106

TCIDso/ml MVV and PCR analysis after the washing step. + = positive control;

-

negative control, bp

=

base-pair ladder.
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Figure 3.8
Alignment of env PCR product
number S51392)

with the published

sequences

using the multiple

sequence

sequence

alignment computer

of EV1 (accession

program

ClustalW

(www.cbi.ac.uk/clustalw/). Both small and large env PCR products shared identical 5" and 3'

(highlighted in purple). Large

sequences

(highlighted in yellow). The MVV
identified at nucleotide
was

4922-4923

large

splice donor site shared by both

env

transcripts

were

sequence.

env

45bp intron
transcripts
env

was

transcripts

identified at nucleotide positions 4877-4878 and

respectively.
are

shown in boxes. Sense and anti-sense primer

underlined. The start of translation (nucleotide

"large env"

an extra

position 5991-5992. Additional splice acceptor and donor sites

Splice donor and acceptor sites
are

PCR product contained

position 318-319. A splice acceptor site shared by both

identified at nucleotide

used to generate

major

env

=

large

"EV1"

env

PCR product

= sequence

sequence,

position 5994-5996) is shown in

'"small env"

=

small

env

of MVV strain EV1 (Sargan ct al., 1991).

124

sequences
green,

PCR product

3.3.5 In situ PCR
virus

analysis of MVV infected tracheal

organ

cultures during initial

uptake

In Sections 3.3.3 and 3.3.4 it

tracheal organ

was

shown that MVV is

cultures. However, this infection appeared to be restricted at

transcriptional level, and

as a consequence,

the location of the MVV-infected cells.
initial virus

infected cells within tracheal organ

a post-

immunohistochemistry failed to determine

Therefore, the identity of the cells involved in

uptake at the epithelial surface

used to detect

capable of infecting ovine

was

unknown. In order to locate MVV-

cultures during early infection, in situ PCR

proviral DNA within cells. Organ cultures

were

incubated with

was

106

TCID5o/ml MVV strain EV1 for 2 hours before washing in PBS and culturing as
described in Section 2.1.2.1. Cultures

analysed by in situ PCR

as

were

then fixed after 12 hours and 48 hours and

described in Section 2.5.7. The modified

organ

culture

system was used in these experiments (Section 3.3.1). Each time-point was analysed
in

triplicate, and mock-infected

organ

cultures

Representative images of MVV-infected
infection

are

shown

predominantly in
number of

a

in

were

organ

analysed in parallel.

cultures at 12 hours and 48 hours post¬

Figure 3.9. Provirus positive cells

were

identified

sub-epithelial location at 12 and 48 hours post-infection. A greater

positive cells

were seen

immediately below the epithelium at 12 hours

compared to 48 hours post-infection. Correspondingly, at 48 hours post-infection
number of
No

signal

positive cells

was

were

found in

a

detected in epithelial cells at

a

deeper location within the lamina propria.
any
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time-point.

Figure 3.9

In situ PCR

analysis of MVV infected tracheal

post-infection. (A): Positive cells
hours

are

organ

cultures 12 hours and 48 hours

located immediately below the epithelium at 12

post-infection. No epithelial staining is evident. (B): 12 hour post-infection

negative control (omission of Taq DNA polymerase). (C): Positive cells located
below the
in

a

epithelium (arrows) at 48 hours post-infection. Positive cells appeared to be

deeper location compared to 12 hour cultures. (D): 48 hour post-infection

negative control (omission of primers).

E

=

epithelium. LP

=

lamina propria. All bars represent 25pm
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3.3.6 The

effect of tracheal epithelial disruption

on

uptake of MVV in tracheal

organ

cultures

It

shown in Sections 3.3.3 to 3.3.5 that MVV is

was

tracheal organ
appear

the

cultures. However, tracheal infection

that tracheal epithelium is

a

inefficient, and it does not

primary target for the virus. In order to investigate

possible "barrier" function of the epithelium to MVV,

subjected to

a

exposure to

virus. Using the modified

treatment group,

exposure

of virus to the epithelial surface alone. In

was

incubated with bacterial LPS to

on

MVV

Tracheal tissue

incubated with 30mM sodium caprate

as

surfaces
were run

were

in

or no

described in
were

also

epithelial cell

sero-negative adult greyface sheep and

in PBS, 3.0mM EGTA in PBS, lOpg/ml E. coli

pre-treatment (PBS or culture medium) as described in

epithelial surface

was

then exposed to

106 TCID5o/ml

MVV strain

exception of the cut mucosal surface

in which after incubation in PBS, both epithelial and cut mucosal

exposed to virus. Mock-infected and heat-inactivated virus controls

parallel for all treatment

real-time PCR

further

mucosa.

outlined in Section 2.3.2, with the

exposure group,

a

was

virus uptake.

group as

the effect of LPS-induced

assess

obtained from MVV

LPS in culture medium

on

disruption of the epithelium, cultures

uptake by the tracheal

was

Section 2.1.2. The

disruption of epithelium

normalised in this treatment

Section 2.3.2. In addition to direct

activation

were

cut mucosal surfaces were also exposed to virus. This allowed

exposed to virus

area

cultures

culture system (Section 3.3.1) it

organ

assessment of the effect of mechanical

Surface

organ

number of pre-treatments designed to alter epithelial integrity before

possible to limit

EV1

was

capable of infecting ovine

analysis for MVV

groups.

After 48 hours, DNA

gag gene was
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performed (2.5.5).

was

extracted and

Three cultures per

sheep

cut surface exposure,

treatment

and PBS control

assess

the

6 sheep

groups,

were

sodium caprate

was

carried out in which
or

organ

ofsurface

0.549mm

normalisation coefficient

cultures

area exposure

surface exposure groups

pre-treated with

organ

cultures

was

found to be

respectively. Using the formula in Section 2.3.2,
was

calculated and

was

a

found to be 0.703. Real-time PCR

normalised to epithelial

by multiplying by the normalisation coefficient.

3.3.6.2 Transmission electron

microscopy of sodium caprate and EGTA treated

cultures

Representative images

lateral

were

a

to virus

data obtained for cut mucosal surface exposure groups was

resulted in

were

PBS (n=3), and immediately processed for

radius and height of 20 modified

tracheal organ

3 sheep

groups,

per

microscopy as detailed in Section 2.9.

3.3.6.1 Normalisation

and

evaluated (n=18

group).

(n=3), EGTA (n=3)

transmission electron

The average

For sodium caprate,

efficacy of the tight-junction modifiers employed in this study,

preliminary experiment

2.599mm

group.

group). For EGTA, LPS and medium control

evaluated (n=9 per treatment

To

assessed for each treatment

were

are

shown in Figure 3.10. Sodium caprate pre-treatment

widespread disruption of epithelial tight junctions, with

an

increase in the

inter-epithelial cell distance and formation of dilations between epithelial cells.

EGTA pre-treatment

also resulted in tight junction disruption but to
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a

lesser degree. In

contrast, no

tight junction disruption

was seen

in

any

of the PBS pre-treated

cultures. Therefore the results show that both sodium caprate

tracheal

epithelial tight junction disruption.

3.3.6.3

Real-time PCR

analysis of virus load in tracheal

organ

and EGTA induce

organ

cultures after

epithelial disruption

The results of real-time PCR

differences in MVV load
cultures

organ

were

analysis

are

shown in Figure 3.11. No significant

found in sodium caprate,

EGTA

or

LPS treated

compared to controls. A significant increase in virus load

cultures where cut mucosal surface and epithelium

epithelial

exposure

alone (p<0.01

on

mucosa

LPS pre-treatment

no

had

appears to

be

detected in

exposed compared to

Mann-Whitney test). No virus

negative control cultures. Therefore, virus uptake

exposed sub-epithelial

was

was

organ

more

was

detected in

efficient through

than via intact epithelium. Tight-junction disruption

detectable effect

on
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virus uptake.

or

(A)

(B)

c

Figure 3.10

Transmission electron
with PBS

micrographs of ovine tracheal epithelium after pre-treatment

(A), 3.0mM EGTA in PBS (B)

or

30mM sodium caprate in PBS (C)-(D).

Tight junctions remained intact in PBS treated tracheal epithelium (A). Treatment
with EGTA and sodium caprate
and

an

increase in lateral

resulted in widespread disruption of tight junctions

inter-epithelial cell distance (B)-(D). This

was more

pronounced with sodium caprate pre-treatment compared to EGTA pre-treatment.

Arrows indicate the

position of the lateral epithelial cell membrane. E

cell; C

tight junction location. All bars represent 5//m.

=

cilia. TJ

=
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=

epithelial

p<0.01
3000-

Q
U)

£ 2000-f

«

1000H

CUT

EGTA

LPS

Medium

Figure 3.11

Real-time PCR

analysis of virus load in tracheal

disruption. After pre-treatment of tracheal

mucosa

cultures after epithelial

organ

with PBS, sodium caprate in PBS

(NC), EGTA in PBS, E. coli lipopolysaccharide (LPS) in culture medium,
medium

(Medium), epithelial surfaces

EV1. A further group
cut

to

(CUT)

exposed to

106 TCIDso/ml

Surface

surface exposure group

virus load

group
were

was

(p<0.01

pre-treated with PBS before exposing epithelial and

found.

area exposure to

and the other

virus

was

exposure groups.

performed

normalised between the

A significant increase in

detected between the cut surface exposure group
on

culture

MVV strain

mucosal surfaces to virus. After 48 hours, real-time PCR assays were

detect MVV gag gene.

cut

was

were

or

and the PBS control

Mann -whitney test). No other significant differences in virus load

(n=18 for PBS, sodium caprate and cut mucosal surface

LPS and culture medium

groups;

groups). Horizontal lines indicate the median values.
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n=9 for

3.4 DISCUSSION

Tracheal organ

cultures have been used in

many ex

vivo experimental models to

examine the initial interactions between the host and various viruses and bacteria

(Campbell et al., 1979; Dhinakar and Jones, 1996; Rutman et al., 1998; Lund et al.,
2001; Lin et al., 2001; Anderton et al., 2004). Organ cultures offer the advantage that
both

epithelial and interstitial cells

arrangement,
the

case

grown

are

present

in their normal

anatomical

allowing realistic interactions between the cells in each compartment. In

of in vitro infection with maedi-visna

virus, most cell types isolated and

in primary cell culture have been shown to support productive MVV

replication, unlike the situation in vivo in which viral replication is highly restricted
(Haase et al., 1977; Gendelman et al., 1985; Brodie et al., 1995b). This loss of the
normal restricted

replication pattern

as a

result of in vitro culturing is

a

significant

problem when trying to study normal in vivo MVV behaviour, and to date, in vitro
studies of MVV infection have concentrated

on

primary cell cultures (Leroux et al.,

1995; Craig et al., 1997; Lerondelle et al., 1999). Using
was

hoped that the observed MVV replication pattern

an organ

more

culture system, it

truly represented the

situation in vivo.

A main

disadvantage of

organ

viability within the culture. It
integrity and cilial activity

was

culture systems is the question-mark
was

over

cellular

demonstrated that good epithelial structural

maintained for 7 days in the tracheal

organ

culture

system used in this study. However, histopathological evaluation of organ cultures
revealed extensive
submucosa from
culture system

degenerative changes within the lamina propria and deeper

day 3 onwards. Any virus interaction in deeper layers of the

organ

would therefore be compromised. Further limitations of the

organ
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culture system

include absence of

which

response,

To increase the

may

an

inflammatory

a

and acquired immune

pre-existing single round PCR

semi-nested PCR

assay was

assay

used to detect

developed. This involved

amplification preceding the original PCR

threshold of the assay

response

important part in initial viral infection.

sensitivity of

MVV gag gene, a
round of

play

an

assay,

an

additional

and increased the detection

from 50,000 to 50 copies of MVV

gag gene.

PCR has been

successfully employed to diagnose MVV infection in sheep (Pepin et al., 1998), either
in blood

are

10

f\

or

studies, conserved regions of the LTR,

gag

and pol

genes

targeted for PCR. In vivo, the number of infected target cells is low; figures of 1 in
to 10

7

Therefore
et

milk. In most

circulating leukocytes have been quoted for MVV (Petursson et al., 1976).
a

nested PCR strategy

is commonly employed (Brodie et al., 1995a; Leroux

al., 1997; Celer, Jr. et al., 2000) to greatly increase the sensitivity of the

1000 fold increase in

assay.

The

sensitivity observed using the snPCR protocol developed in this

study is consistent with other published protocols (Brodie et al., 1995a; Celer, Jr. et
al., 2000).

In this

study it has been shown that ovine tracheal

supporting MVV replication
evidence of

up to

the level of late viral

productive virus infection

culture medium and

no

viral

organ

was

found, with

no

cultures
gene

are

capable of

transcription. No

release of virions into the

protein detected using immunohistochemistry. The

permissive life cycle of the virus in vitro is usually complete within 3 days (Brahic et
al., 1981; Haase et al., 1982; Vigne et al., 1987), and maintenance of organ cultures
for 7

days post-infection prior to analysis

was

thought to allow sufficient time for

productive MVV infection to take place. This suggests that MVV replication in
tracheal organ

cultures is restricted at

some
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level between transcription of late viral

genes

and translation of structural viral proteins, thus mimicking

MVV

replication pattern (Gendelman et al., 1985; Brodie et al., 1995b). This is of

interest

as

restricted
is

organ

cultures

are

without

an

a

adaptive immune system, implying the

replication observed is not due to specific anti-MVV immune

possible that infected cells

productive

MVV

are not

replication

in the correct state of maturation

is

known

maturation/activation state of the host cell

to

be

closely

a

or

responses.

It

activation,

as

linked

to

the

(Gendelman et ah, 1986). However, it is

possible that small amounts of productive infection occurred within
but at

typical in vivo

organ

cultures,

level below the detection threshold of the IHC assay.

The restricted
for viral

viability

replication observed could also result from

a

sub-optimal environment

replication due to reduced cell viability. The question of
was

organ

in part addressed by demonstrating that 7 day old cultures

capable of de

novo

provirus production. Therefore

extent, still metabolically active at 7

organ

cultures

days. The potential ability of

culture

were

still

were, to some

organ

cultures to

support translation of viral proteins was not possible to determine.

Detectable infection
virus

was

only

seen

in

organ

cultures incubated with high titres of

(<10" TCID5o/ml). The 2 hour contact time between virus and trachea in these

studies

was

long relative to the rate of binding of MVV to its cellular receptor(s),

which has been estimated to

occur

within 15 minutes in vitro

(Kennedy-Stoskopf and

Narayan, 1986). Taken together, these results indicate that uptake of MVV by ovine
tracheal organ

cultures is inefficient. In addition, processing of tracheal

organ

cultures

prior to virus incubation would be thought to increase the susceptibility of trachea to
MVV infection

by removing

or

mechanisms, including loss of

compromising

mucus

a

number of innate immune defence

and antimicrobial peptides from the epithelial
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surface and

disruption of the mucociliary escalator (Welsh and Mason, 2001).

Therefore it is

possible that the trachea in vivo

infection than in the
trachea is

ex

may

be

resistant to MVV

even more

vivo situation. These observations

suggest that the ovine

relatively resistant to MVV infection and factors outwith the trachea

may

be

responsible for the observed high efficiency of the intra-tracheal inoculation route for
MVV infection in vivo.

Two

populations of

tracheal organ
differed

by

a

env

cultures

transcripts

as a

were

result of

alternative splicing event. The 2 transcripts

45bp insert located 3' to the RNA polymerase II binding site, and 5' to

the start of translation. This would be
the translated

an

detected in MVV strain EV1 infected

expected to have

effect

on

the structure of

protein, although it is unknown if the additional nucleotides exert

functional effect. However, the absence of the

larger

infected ovine skin cells indicates that in these cells at
is not

no

env

any

transcripts in productively

least, the additional 45bp insert

required for productive virus replication of EV1. Two different sized

env gene

transcripts have previously been described for MVV clone KV1772-kv72/67 with
unknown functional

significance. These 2 transcripts also differed by

insert, in this

321bp, 5'to the start of translation (Gudmundsson et ah, 2003).

case

It has been shown in this

study that MVV uptake

epithelium. It is unclear how this

occurs,

a

access to

para-cellular pathway though the inter-cellular

within organ
were

can occur

but could potentially

epithelial cells, via infection of other cell types with
via

an

cultures after

exposure

significantly greater than after

that virus

uptake is

more

via

an

occur

intact tracheal
via infection of

the epithelial surface,

space.

or

MVV loads detected

of epithelial and cut mucosal surfaces to virus
exposure

of epithelial surfaces alone, indicating

efficient through exposed sub-epithelial mucosal surfaces
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than

through epithelial surfaces. In addition, in situ PCR analysis identified provirus

positive cells in

a

sub-epithelial location 12 hours post-infection, but failed to detect

provirus in the epithelium. Positive cells also appeared to be in
within the tissue at 48 hours

a

deeper location

compared to 12 hours post-infection. These findings

suggest the primary target for initial MVV infection of tracheal mucosa is not the

epithelial cell, but

a

cell type in

a

sub-epithelial location, and this cell type

migrate into the tissue. The possibility that
cells become infected with MVV but

excluded, although it

appears

were

a

appears to

limited number of tracheal epithelial

missed

on

the sections

analysed cannot be

they would be of minor importance relative to sub¬

epithelial populations.

Sub-epithelial cell populations in the ovine trachea to date have been poorly
characterised. In contrast, these
mouse

populations have been well characterised in the

(Neuringer et ah, 1998; Heitmann et ah, 1999; Calder et ah, 2004), the rat

(Holt and Schon-Hegrad, 1987) and humans (van Haarst et ah, 1994), and consist of
an

extensive network of

lymphocytes and

a

sub-epithelial dendritic cells (DCs),

a

T and B

few macrophages. In the context of MVV infection, the most

significant of these cell types
the virus has

numerous

are

likely to be macrophages and DCs, both of which

strong cell tropism (Brodie et ah, 1995b; Ryan et ah, 2000). As

previously noted, DCs have been strongly implicated in the uptake of HIV and SIV at
vaginal and intestinal sites (Spira et ah, 1996; Hu et ah, 2000; Bhoopat et ah, 2001;
Choi et ah, 2003;

Gurney et ah, 2005). In addition, DCs have been directly implicated

in the

uptake of MVV after intra-dermal inoculation (Ryan et ah, 2000). Therefore it

seems

likely that sub-epithelial DCs, if present within the ovine trachea,

target cell for MVV infection of ovine trachea. It has been shown
within skin

explants migrate during the first 24-72 hour from
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a

are

the prime

that dermal DCs

sub-epithelial location

into

are

a

deeper layers of the tissue (Larsen et al., 1990). If positive cells
indeed DCs, this

sub-epithelial to

a

migratory behaviour

may

seen

in this study

explain the shift of positive cells from

deeper location within the tissue from 12 to 48 hours post¬

infection.

The absence of
that suggest

provirus in the epithelium, if correct, is in contrast to several studies

the respiratory epithelium is

detected in bronchial
et

a target

for MVV. Provirus has been

epithelium 11 days after experimental infection in vivo (Staskus

ah, 1991a), and viral protein has been detected in bronchial epithelium in naturally

infected animals

(Gelmetti et ah, 2000). However, in both of these studies virus

positive epithelium appeared to be restricted to
possibility that
A second

that

an

inflammatory

of inflammation, raising the

be required for epithelial virus uptake.

possible explanation for the lack of virus within the tracheal epithelium is

epithelial cells

virus. In

response may

areas

an

may

only be susceptible to cell-associated virus and not cell-free

in vitro infection

study of goat synovial membrane cells (GSMs), it

was

found that for certain strains of MVV, GSMs were resistant to cell-free virus but were

susceptible to macrophage-associated virus (Singh et ah, 1999). It is therefore
possible that infection of respiratory epithelium

may

involve initial uptake of MVV

by resident alveolar macrophage populations within the airway lumen, and subsequent
transfer of virus to the

surface. A final

respiratory epithelium via cell contact at the apical epithelial

possibility is that the tracheal epithelium

sensitive to MVV infection
failed to detect
animals

provirus

or

may

be inherently less

compared to the bronchial epithelium. Other studies have

viral RNA in bronchial epithelium in naturally infected

(Brodie et ah, 1995b; Carrozza et ah, 2003), and to date infection of tracheal

epithelium has not been reported.

137

Tight-junction disruption

was

successfully achieved by pre-treatment of

cultures with either sodium caprate or

epithelial inter-cellular

space

cell membrane. However,
can

to

EGTA, and caused significant widening of the

and subsequent

be concluded that the MVV receptor,

virus is

a

exposure

this appeared to have

the baso-lateral membrane. It also

if present

seems

less

of the baso-lateral epithelial

effect

no

on

on

the uptake of MVV. It

epithelial cells, is not restricted

likely that para-cellular transport of

significant mechanism of virus uptake. Respiratory tract dendritic cells

(RTDCs) have been identified in the inter-epithelial
trachea

organ

space

in

mouse, rat

(Holt and Stumbles, 2000). If intra-epithelial RTDCs

are

uptake, it could be postulated that widening the inter-epithelial

and human

involved in MVV
space

would allow

greater access of virus to these cell populations and therefore increased virus uptake.
The failure to demonstrate this effect could be
effect of the pre-treatment on
of

explained by

a

possible inhibitory

virus uptake by DCs. It is also possible that the number

inter-epithelial DCs present in the tracheal epithelium in the sheep is sufficiently

low that any

increase in virus uptake by these cells is too small for detection by real¬

time PCR.

Pre-treatment of organ

cultures with E.coli LPS had

MVV. The LPS formulation used in this

induce

a

cytokine

response

similar dose and exposure
was

observable effect

a

time (Dr Gerry MacLachlan, personal communication). It

appear to

a

in this study

may

increase their

number of studies have shown that

pre¬

increase susceptibility of sheep to MVV infection in

(Palsson, 1976). It is possible that the lack of

LPS pre-treatment

uptake of

experiment had previously been shown to

hypothesised that activation of epithelial cells by LPS

existing lung infections

on

in ovine primary tracheal epithelial cell cultures at

susceptibility to MVV infection given that

vivo

no

may

an

increase in virus uptake after

specifically relate to E.coli LPS, and LPS derived
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from other bacterial
results reflect

a

species

may

have

some

effect

on

vims uptake. However, if the

general failure of LPS to increase the susceptibility of the tracheal

epithelium to MVV, this would suggest other factors outwith LPS activation of the
epithelium, such

as

inflammatory recruitment of target cells,

are

responsible for the

apparent increase in susceptibility to MVV during bacterial co-infection.
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3.5 CONCLUSIONS

The conclusions from this

chapter

are as

follows:

1) Ovine trachea is susceptible to maedi-visna virus infection, but this infection
appears to

be relatively inefficient

2) Infection of trachea
restricted at

some

organ

cultures

was not

level between late viral gene

productive, and appeared to be

expression and translation of late viral

proteins.

3) Cells harbouring proviral DNA
hours

post-infection, but

4) MVV
is

more

can

were never

in

a

sub-epithelial location within 12

found in the epithelium

be transmitted through intact tracheal epithelium, although virus uptake

efficient

junctions

were present

through exposed sub-epithelial

or treatment

mucosa.

Disruption of epithelial tight

of epithelium with E.coli LPS did not

appear to

alter virus

uptake.

Therefore it appears
the tracheal

that sub-epithelial populations of cells mediate uptake of MVV at

mucosa.

Characterisation of

ovine trachea is therefore

sub-epithelial cell populations within the

required to examine further the uptake of MVV at this site.
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CHAPTER 4

IMMUNOHISTOCHEMICAL ANALYSIS OF OVINE RESPIRATORY TRACT
IMMUNE CELLS
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4.1 INTRODUCTION

In

Chapter 3 it

shown that ovine tracheal

was

virus infection in vitro and

late viral genes.

can

mucosa

is susceptible to maedi-visna

support viral replication at least up to transcription of

However, the primary target cells for viral infection

identified. Provirus

was

within 12 hours of

infection, and in deeper sub-mucosal

infection. Provirus

was

more

was

efficient

detected in

never

a

population of cells in

detected in tracheal

were not

sub-epithelial location

a

areas

from 48 hours post¬

epithelial cells, and virus uptake

through exposed sub-epithelial tissue compared to epithelium

alone. This suggests

the primary target cells for MVV in tracheal

mucosa are

sub¬

epithelial in location with migratory behaviour.

MVV exhibits strong
vivo

tissue tropism for monocyte-macrophage and dendritic cells in

(Brodie et al., 1995b; Ryan et al., 2000) and if present in tracheal

mucosa

could

represent potential target cells for MVV uptake. However, ovine respiratory tract
immune cells to date have been

poorly characterised with

no

information

on

ovine

respiratory tract dendritic cells (RTDCs) and little information regarding airway
macrophage populations. Lower lung macrophage populations
and consist of two main

intravascular

are

better characterised

populations: alveolar macrophages (AMs) and pulmonary

macrophages (PIMs) (Carrasco et al., 2004), both of which have been

implicated in MVV pathogenesis (Cordier et al., 1990; Singh et al., 1998; Zhang et
al., 2002). Ovine respiratory tract lymphoid tissue has been described in detail (Chen
et

al., 1989). Scattered lymphoid cells were found throughout the respiratory tract.

Dense

lymphoid aggregations

were

frequently

found in trachea and bronchi. Nodular

nasopharyngeal

seen

in bronchioles, and infrequently

lymphoid aggregations

areas.
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were

limited to

Respiratory tract dendritic cells (RTDCs) have been well characterised in the rat (Holt
and

Schon-Hegrad, 1987; Holt et al., 1988; Schon-Hegrad et ah, 1991; Gong et ah,

1992) the
human

mouse

(Gonzalez-Juarrero and Orme, 2001; Calder et ah, 2004) and the

lung (Holt et ah, 1989; Schon-Hegrad et ah, 1991), and

and beneath

are

localised within

airway epithelium, within alveolar septae, and in connective tissue

surrounding sub-mucosal glands, pulmonary veins and airway vessels. They exhibit
high MHC class II expression and
cytoplasmic

processes

a

large irregular morphology with prominent

(Schon-Hegrad et ah, 1991). Their main function is antigen

presentation to T cells via surface MHC class II molecules, and
cell type

appear to

be the only

capable of activating nai've T cells (McWilliam and Holt, 1998). Acute

challenge with bacterial, viral, and soluble protein antigens has been shown to result
in recruitment of RTDCs to the site of

antigen deposition (McWilliam et ah, 1994;

McWilliam et

ah, 1996; Stumbles et ah, 2001).

In

number of studies suggest that RTDCs migrate from epithelial sites to

addition,

a

draining lymphatics: 48 hours after
the number of DCs within the upper

increased

by

up to

exposure

of rat lung to inhaled bacterial antigen,

and lower respiratory tract draining lymph nodes

200% compared to controls (McWilliam et ah, 1994); rats splenic

DCs instilled into the trachea have been shown to be

capable of migrating from the

respiratory tract to the draining lymph nodes within 24 hours (Havenith et ah, 1993);
antigen presentation activity to hen-egg lysozyme instilled into the trachea shifted
from

pulmonary DC populations to draining lymph node DC populations

period of 3 days, indicating

a

over a

migration of antigen containing DCs from lung to

draining lymph nodes (Xia et ah, 1995). Thus, given their epithelial location,

susceptibility to MVV, and migratory capacity, DCs
for initial

are

prime candidates responsible

uptake of MVV and transport of virus to respiratory tract draining lymph
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nodes. Indeed,

dendritic cells

A

productive MVV infection has been demonstrated in afferent lymph
(ALDCs) after intra-dermal inoculation of virus (Ryan et ah, 2000).

key feature of dendritic cells is high MHC class II expression. Further potential DC

markers have been identified in

CD lb is
and is

a

cell surface

a

independent

Immunohistochemical

number of bovine and ovine immune cell studies.

glycoprotein with similar genomic organisation to MHC class I

thought to present

MHC class II

a

wide

range

manner

of lipid and glycolipid moieties to T cells in

an

(Porcelli et ah, 1998).

staining in sheep has demonstrated CD lb expression in cortical

thymocytes, 60-90% of ALDCs, and dendritic cells in the dermis and dermal-

epidermal junction (Dutia and Hopkins, 1991; Rhind et ah, 1996; Hopkins et ah,
2000; Ryan et ah, 2000). Further support for the restricted expression of CDlb comes
from

analysis of CDlb

gene

transcription by Northern blot, RT-PCR and in situ

hybridisation. CDlb transcripts
cells

were

only present in cortical thymocytes and dendritic

(Rhind et ah, 2000). Thus, outwith the thymus, CDlb

specific marker for

a

appears

to be a reasonably

sub-population of ovine dendritic cells in the sheep.

CD205, previously identified as WC6 antigen, is a cell surface protein belonging to a

family of C-type multilectins and has been well characterised in cattle. The function
of CD205 is unknown but is

thought to be

antigen specificity to the macrophage
Immunohistochemical
with DC

an

antigen uptake receptor with

mannose receptor

a

different

(Gliddon et ah, 2004).

staining in cattle has demonstrated CD205 expression in cells

morphology in the lamina propria of gut, the epidermis and dermis of skin,

in B cell follicles, and in inter-follicular T cell areas of secondary
All ALDCs
to increase

are

on

lymphoid tissues.

strong expressors of CD205 in cattle, and expression has been shown

DC maturation. CD205 is also
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weakly expressed by

a

subpopulation of

y/5 T cells, and B cells in lymphoid follicles and blood (Howard and Naessens, 1993).
CD205 characterisation in
which
et

sheep has been limited to analysis of afferent lymph in

approximately 65-90% of ALDCs

express

CD205 (Ryan et ah, 2000; Watkins

ah, 2005).

The cell surface

antigen SIRPa, previously known

as

MyD-1, is

a

member of the

signal regulatory protein (SIRP) family and is thought to mediate binding of CD4+T
cells to DCs in cattle
has demonstrated
dermis and

(Brooke et al., 1998). Immunohistochemical staining in cattle

expression of SIRPa antigen in monocytes, dendritic cells in the

epidermis, and between 60 to 90% of ALDCs (McKeever et al., 1991;

Howard et al., 1999; Gliddon et al.,
have been shown to express

The
to

2004). Aproximately 75% of ALDCs in sheep

SIRPa (Watkins et al., 2005).

lipopolysaccharide (LPS)-LPS binding protein receptor, CD 14, has been shown

identify specifically macrophages in

and interstitial

ALDCs

(Gupta et al., 1996; Hopkins and Gupta, 1996; Ryan et al., 2000). No

T cells with

regarding the distribution of macrophages in ovine airways.

putative helper and cytotoxic functions

CD4 and CD8

can

be identified by expression of

antigen respectively (Maddox et al., 1985). In addition, CD4 has also

been shown to be

expressed by rat airway epithelial DCs (Schon-Hegrad et al., 1991)

weakly expressed

on up to

10% of ovine ALDCs (Ryan et al., 2000).

The recruitment of DCs to sites of

relation to MVV
increase

number of ovine tissues including alveolar

macrophages in the lower lung. It is also weakly expressed by ovine

information is available

and is

a

antigen deposition

may

also be significant in

uptake and pathogenesis. Pre-existing lung infections

appear to

susceptibility to MVV infection (Dawson et al., 1990; Gonzalez et al., 1993;
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Straub, 2004). This
tract as a

result of

1996). If RTDCs
result in

more

MVV lesions

may

in part be

a

result of recruitment of DCs in the respiratory

lung inflammation (McWilliam et al., 1994; McWilliam et al.,

are

primary target cells for MVV,

efficient virus

an

increase in DC numbers could

uptake. As chronic active inflammation is

(Narayan and Clements, 1989; Cadore et al., 1996), it

a

can

hallmark of

be envisaged

that this inflammation would result in recruitment of DCs. This in turn would result in

further

uptake of virus and viral antigen-presentation by DCs, and progression of

inflammatory lesions. Demonstration of DC recruitment in the ovine lung would be
helpful to investigate these hypotheses further.

To

investigate the effect of lung inflammation

and normal

inflamed

lungs

were

lung tissue

inflammation

as

on

RTDC numbers, lungworm infected

analysed. Lungworm-infected lungs
clinical

(Kaufmann,

cases are

1996).

In

were

used

as a source

of

readily available and produce reliable lung

addition,

a

positive association between

lungworm infection and increased transmission of MVV has been observed (Straub,
2004). However, due to the lack of availability of clinical MVV

cases,

possible to analyse RTDC populations within MVV-induced lung lesions.
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it

was not

4.2 AIMS

The overall aims of this
and T cell

effect of

chapter

are to

identify and characterise RTDC, macrophage

populations within the normal ovine respiratory tract, and to
lung inflammation

on

assess

the

RTDC numbers. Defining DC and macrophage

populations in particular will help to identify potential MVV target cells within the

respiratory tract, and DC recruitment

may

be significant for MVV uptake and

pathogenesis within the lung. The specific aims of this chapter

are

therefore

as

follows:

1) To characterise immune cell populations in the normal ovine respiratory tract,

paying particular attention to RTDCs and macrophages.

2) To demonstrate DC recruitment in

To address these

of normal and

response to

lungworm induced inflammation.

specific aims, immune cell populations within the respiratory tracts

lungworm infected sheep

were
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analysed by immunohistochemistry.

4.3 RESULTS

Characterisation

4.3.1

of immune cell populations in the normal ovine lower

respiratory tract

In this

study, the lower respiratory tracts (defined

larynx) of 3 normal sheep
immune cell markers.
bronchi and
mortem

and

were

Samples of

mid and lower trachea, right main-stem

upper,

right caudo-dorsal lung lobes
subjected to either single

cells

were

was

performed at the

were

or

same

time

were

collected from 3 adult sheep at post¬

double immunohistochemical staining

as

lavage (BAL) of the right caudo-dorsal
as

subjected to differential cytology

Representative tissue sections

the respiratory tract distal to the

subjected to immunohistochemical staining for

described in Section 2.7. Broncho-alveolar

lung lobe

as

collection of tissue samples and BAL

as

detailed in Sections 2.11.5 to 2.11.7.

stained with H&E and evaluated by

a

qualified

pathologist. Criteria for inclusion in this study included absence of significant
histopathological changes in tissue samples, and

In addition to collection of

No

normal BAL cell differential count.

respiratory tract tissue, mediastinal lymph nodes

collected for evaluation of immune cell markers

4.3.1.1 BAL

a

as

were

required.

differential cytology and histopathology

significant histopathological changes

differential cell counts

were

were

detected in

within normal limits in all 3
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any

section evaluated. BAL

sheep (Table 4.1).

cels

0.1±0.2

Mast

Eosinphls

*BpcoAuelatLiln

withn

Lymphoctes

0

0

0

0

4.3

0

5.0

0.4±0.9

0

4.6

3.1±2.0
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ratio

%

luinnsgpcohrumeelat.lp Bt%pcooAhywtacuoelraihptieLn.tnelfi d%±vsytarmhpaexetprrilfsond
Neutrophils

Macrophges

BoAcytLflg poulatin

4Tabl.1e Diferntial

BAL

3.5

92.2

5.5

89.5

3.1

92.3

2.9±3.7

93.4± .8

MRI-1 MRI-4 MRI-5 limtNs+ormal 1(C9etaolli.e,)
Sheep

Sheep

Sheep

aexprsd limartes

Vaalurees Normal

*

+

4.3.1.2

Single immunohistochemical staining

Tissue sections
CD 14,

were

stained for the presence

CD4 and CD8

as

divided into trachea, main
were

counted and

parenchyma

as

of MHC class II, CDlb, CD205, SIRPa,

detailed in section 2.7. Respiratory tract airways were

bronchi, and lower airways (bronchioles). Positive cells

expressed

as

count/mm airway epithelium

appropriate. Statistical analysis of cell counts

or

was

count/mm

lung

carried out using

a

paired /-test.

MHC class 11 staining

The results of MHC class II

staining

Widespread labelling of MHC class II
Two separate

populations of cells

are

was

were

shown in Figure 4.2, panels A to F.

observed throughout the respiratory tract.

discernible adjacent to respiratory tract

airways. The first comprised of strongly positive cells spaced at relatively regular
intervals

along the airway epithelium (Fig.4.2.A). These cells often appeared to be

closely associated with the epithelial basement membrane, occasionally penetrating
the membrane
second

(Fig.4.2.B), and

were

generally large with irregular morphology. A

population of highly pleomorphic MHC class II+ cells

underlying

mucosa,

of trachea and

bronchioles

observed in the

generally adjacent to sub-mucosal glands and blood vessels

(Fig.4.2.C). Occasional small aggregations of positive cells
mucosa

were

bronchi.

Larger aggregations

were present

were

in the sub-

present adjacent to

(Fig.4.2.D).

The results of

reduction in

airway cell counts

are

shown in Figure 4.9. There

was a

sequential

epithelial MHC class II+ cells from larger to smaller airways, with
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significantly lower numbers of positive cells in bronchi compared to trachea (p<0.05),
and

significantly lower numbers of positive cells in lower airways compared to main

bronchi

(p<0.05). However, within the trachea there

were no

significant differences in

cell numbers between dorsal and ventral trachea, or between upper,

mid and lower

trachea.

In

lung parenchyma, MHC class

90 cells per mm

within the

II+ cells

were present at a

density of approximately

lung tissue (Fig. 4.10). Two distinct populations

were

identified

parenchyma. The first consisted of highly pleomorphic, generally strongly

staining MHC class II+ cells within the alveolar septal walls. A large number of these
cells exhibited

across

flattened and

were

often

seen

spanning

weakly positive cells found attached to the air side of the alveolar wall

within the alveolar
class

irregular morphology, and

adjacent alveoli (Fig. 4.2.E). The second population consisted of large

two

vacuolated

a

II+ cells

or

airspace (Fig. 4.2.F). In addition, occasional aggregations of MHC

were

found within the

parenchyma, often adjacent to small blood

vessels.

CDlb staining

The results of CDlb

staining

low numbers of moderately
a

shown in Figure 4.3.A-D. CDlb staining identified

positive cells throughout the respiratory airways, either in

sub-epithelial location, occasionally penetrating the epithelial basement membrane

(Fig. 4.3.A),
These

cells

or

adjacent to sub-mucosal glands and small blood vessels (Fig. 4.3.B).

were

generally large with irregular cell membranes.

aggregations of CDlb+ cells
or

are

were present

Occasional

in the sub-mucosa of trachea and bronchi,

adjacent to bronchioles and small vessels (Fig. 4.3.C).
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Airway CDltT cell counts
numbers of CD lb
bronchi and lower

In

are

shown in Figure 4.9. No significant differences in the

positive cells

were seen

or

between trachea,

airways.

lung parenchyma, CDlb+ cells

present at a density of approximately 25 cells

were

lung tissue (Fig. 4.10). This population consisted of large strongly staining

per mm

cells with

spanning

CD205

within the trachea,

a

flattened and

across two

irregular morphology within the alveolar septal walls, often

adjacent alveoli (Fig 4.3.D).

staining

The results

of CD205

staining

are

shown in Figure 4.4. CD205 staining

was

widespread throughout the whole respiratory tract and identified two distinct
populations of cells in respiratory airways in

a

similar distribution to MHC class II

staining. The first comprised of strongly positive cells spaced at relatively regular
intervals
4.4. A).

along the respiratory epithelium with large and irregular morphology (Fig.

A second population of highly pleomorphic

underlying

mucosa,

CD205+ cells

was

observed in the

generally adjacent to sub-mucosal glands and blood vessels

(Figure 4.4.B). Occasional small aggregations of CD205+ cells

were present

submucosa of trachea and bronchi.

located adjacent to

bronchioles, and often exhibited
cortical and follicular

areas,

areas.

Larger aggregations

degree of organised lymphoid tissue structure, with

a

CD205

staining appeared to be concentrated in follicular

although scattered CD205+ cells

To further define CD205

expression,

stained for CD205. Positive cells
scattered

CD205+ cells within the

were

in the

a

were

also

seen

in cortical

areas

(Fig. 4.4.C).

section of ovine mediastinal lymph node

were

cortex

was

concentrated in follicular areas, with more

(Fig. 4.4.D).
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Airway CD205+ cell counts
counts

were

are

shown in Figure 4.9. No significant differences in cell

observed between dorsal and ventral trachea, or between upper,

lower trachea. However, there were
lower

In

mid and

significantly lower numbers of positive cells in

airways compared to trachea (p<0.05).

lung parenchyma, CD205+ cells

present at a density of approximately 60 cells

lung tissue (Fig. 4.10). Two distinct populations of cells

per mm

alveolar

were

areas.

The first consisted of

were present

large strongly stained cells with

a

flattened and

irregular morphology present within the alveolar septal walls, often spanning
two

adjacent alveoli, and

numerous

across

the least abundant (Fig.4.4.E). The second and

more

population consisted of strongly stained cells located within the alveolar

septal walls with

SIRPa

was

in

a

smaller, rounded morphology (Fig 4.4.F).

staining

The results of SIRPa

staining

are

shown in Figure 4.5 A-D.

SIRPa+ cells

were

found

throughout the respiratory tract airways in low numbers, and consisted of large,
generally weakly staining cells with irregular morphology, primarily in
epithelial location (Figure 4.5.A-B). Occasional small aggregations of
were

a

sub¬

SIRPa+ cells

present in the sub-mucosa of trachea and bronchi. Larger aggregations were

present adjacent to bronchioles (Fig.4.5.C-D), and often exhibited typical organised

lymphoid tissue structure, with distinct cortical and follicular
was

restricted to cortical

The results of

differences in

areas

SIRPa+ cell

SIRPa+ cell

and absent from follicular

counts are shown in

areas

areas.

(Fig. 4.5.C).

Figures 4.9 and 4.10. No significant

counts were observed within the

153

SIRPa staining

trachea,

or

between

trachea, main bronchus and lower airway (Fig. 4.9). No
within the

SIRPa+ cells

were

identified

lung parenchyma (Fig. 4.10).

CD 14 staining

The results of CD14
identified

staining

are

shown in Figure 4.6.A-D.

infrequently in respiratory tract airways. Cells

epithelial location (Fig. 4.6.A)
(Fig. 4.6.B) and had

The results of

a

or

CD14+ cells

were present

either in

were

a

sub¬

adjacent to sub-mucosal glands and blood vessels

large and rounded morphology.

airway CD14+ cell counts

differences in the numbers of

positive cells

are

shown in Figure 4.9. No significant

were seen

within the trachea,

or

between

trachea, bronchi and lower airways.

In

lung parenchyma, CD14+ cells

per

mm2 lung tissue (Fig.

discernible. The first

were present at a

density of approximately 20 cells

4.10). Two separate populations of

CD14+ cells

were

population consisted of large, rounded and vacuolated cells

found attached to the air side of the alveolar wall

or

within the alveolar

airspace (Fig.

4.6.C-D). The second population consisted of cells with irregular morphology within
the alveolar

septal walls (Fig. 4.6.D).

CD4 staining

The results of CD4

staining

are

shown in Figure 4.7.A-E. CD4 staining identified

a

population of small round cells throughout the respiratory tract. In respiratory tract
airways, moderate numbers of

CD4+ cells
154

were

found either in

a

sub-epithelial

location

(Fig. 4.7.A & C)

or

adjacent to sub-mucosal glands and blood vessels of

larger airways (Fig. 4.7.B). Occasional small aggregations of positive cells

were

present in the sub-mucosa of trachea and bronchi. Larger aggregations were located

adjacent to bronchioles, and often exhibited typical organised lymphoid tissue
structure, with
scattered

CD4+ cells preferentially located within cortical

areas,

although also

throughout follicular areas (Fig. 4.7.D).

Airway CD4+ cell counts
cell numbers

are

shown in Figure 4.9. No significant differences in CD4+

observed between dorsal and ventral

were

mid and lower trachea. Flowever, there were

trachea,

significantly

more

or

between

upper,

CD4+ cells in lower

airways compared to trachea (p<0.05).

Large numbers of CD4+ cells

approximately 100 cells
within alveolar
within the

CD8

per

were

present in lung parenchyma at a density of

mm2 lung tissue (Fig.

septal walls (Fig.4.7.E),

or

4.10). Cells

were

generally located

occasionally adjacent to small vessels

parenchyma.

staining

The results of CD8

similar pattern to

staining

are

shown in Figure 4.8.A-E. CD8 staining exhibited

a

CD4 staining. In respiratory tract airways, moderate numbers of

small, round CD8+ cells

were

found either in

a

sub-epithelial location (Fig. 4.8.A)

or

adjacent to sub-mucosal glands and blood vessels of larger airways (Fig. 4.8.B)
Occasional small

aggregations of positive cells

trachea and bronchi.

Larger aggregations

were

were

present in the sub-mucosa of

located adjacent to bronchioles (Fig.

4.8.C), and often exhibited typical organised lymphoid tissue structure
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as

with CD4

staining, with distinct cortical and follicular
exclusively restricted to cortical

areas

areas.

CD8 staining

was

and generally absent from follicular

almost

areas

(Fig.

4.8.D).

The results of

airway CD8+ cell counts

differences in the numbers of

trachea,

or

CD8+ cells

are
were

shown in Figure 4.9. No significant
observed between dorsal and ventral

between upper, mid and lower trachea. There appeared to be an increase in

CD8+ cells in lower airways compared to trachea and main bronchi, although this
not

statistically significant (p=0.102). No significant differences

number of

were

was

observed in the

CD8+ cells compared to the number of CD4+ cells in the trachea and lower

airways. Flowever, there
in the main bronchi

were

significantly

approximately 180 cells

(p<0.01) Cells

CD4+ cells compared

to

CD8+ cells

(p<0.05).

Large numbers of CD8+ cells

positive cells

more

were

were

were

per mm

present in lung parenchyma at a density of

lung tissue (Fig. 4.10). Significantly

more

CD8

present in lung parenchyma compared to CD4 positive cells

generally located within alveolar septal walls (Fig.4.8.E),

occasionally adjacent to small parenchymal vessels.
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or

Figure 4.2
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V

/

Figure 4.2

Immunohistochemical

labelling of MHC class II epitopes in ovine lower respiratory

tract tissue.

(A): MHC class II+ cells with dendritic cell morphology spaced at regular intervals
below the tracheal

epithelium (bar

20/zm). (B): section of tracheal epithelium

=

demonstrating sub-epithelial MHC class II+ cells penetrating the epithelial basement
membrane

(arrowheads) (bar

=

20//m). (C): pleomorphic MHC class

adjacent to submucosal glands and

a

II+ cells located

small vessel in the tracheal submucosa (bar

20/zm). (D): cross-section of the right caudo-dorsal lung lobe demonstrating

aggregation of positive cells adjacent to
are

also located

II+

exhibited

flattened

cells within the alveolar

a

small blood vessel (bar

morphology and spanned

more

II+ cell within

an

alveolar

=

50/zm). (E):

septal walls. A large number of these cells
across

adjacent alveoli (arrow) (bar

10/zm). (F): cross-section of lung parenchyma demonstrating
MHC class

an

bronchiole. A few scattered positive cells

adjacent to the bronchiole and

MHC class

a

a

=

a

airspace (arrowhead) and

=

large weakly staining
a

small aggregation of

strongly staining cells with irregular morphology within the interstitium (arrow)

(bar = 10/zm).

E

=

epithelium; L

membrane; V

=

=

airway lumen; S

blood vessel; B

=

=

submucosal gland; BM

bronchiole; A
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=

alveolar

area.

=

epithelial basement

Figure 4.3
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Figure 4.3

Immunohistochemical

labelling of CD lb epitopes in ovine lower respiratory tract

tissue.

(A): CDlb+ cells with irregular morphology below the tracheal epithelium (arrows).
Positive

cells

occasionally

(arrowheads). Note dendritic
CDlb+ cells located in

penetrated
processes

and

a

E

a

lung lobe demonstrating

blood vessel

flattened and

=

(bar

either in

gland; V

=

=

basement

a

=

membrane
20/mi). (B):

sub-epithelial location

or

50/mr). (C): cross-section of the right caudo-

aggregation of CDlbf cells adjacent to

a

bronchiole

50/mf). (D): CDlb+ cells within the alveolar septal wall with

irregular morphology (arrows) (bar

epithelium; L

submucosal

=

an

=

epithelial

between epithelial cells (bar

the tracheal mucosa,

adjacent to submucosal glands (bar
dorsal

the

airway lumen; BM
blood vessel; B

=

=

=

20/mf).

epithelial basement membrane; S

bronchiole.

160

=

Figure 4.4

161

Figure 4.4

Immunohistochemical

labelling of CD205 epitopes in ovine lower respiratory tract

tissue.

(A): CD205+ cells with dendritic cell morphology spaced at regular intervals below
the tracheal

mucosa,

either in

50//m). (C):
was

a

a

=

20/mi). (B):

sub-epithelial location

more

CD205+

or

CD205+ cells located in the tracheal
adjacent to submucosal glands (bar

=

large aggregation of CD205+ cells adjacent to two bronchioles. Staining

concentrated in follicular-like

mediastinal
with

epithelium (bar

areas

(F) (bar

=

50//m). (D): cross-section of

lymph node demonstrating CD205 staining within
scattered

cell with

a

positive cells throughout the cortical
flattened and

septal wall (arrow) (bar

=

area

a

lymphoid follicle,

(bar

=

50/mf). (E):

a

irregular morphology present within the alveolar

10/mi). (F): small rounded

CD205+ cells within the alveolar

septal walls (arrows) (bar = 10/mr).

E

=

epithelium; L

lymphoid follicle; C

=

airway lumen; S

=

cortical

=

submucosal gland; B

area.

162

=

bronchiole; F

=

Figure 4.5
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Figure 4.5

Immunohistochemical

labelling of SIRPa epitopes in ovine lower respiratory tract

tissue.

(A): large SIRPa+ cells with irregular morphology located below the tracheal
epithelium (bar
bronchiolar

=

20/rm). (B):

epithelium (bar

=

SIRPa+ cells with irregular morphology located below
20/rni). (C): cross-section of a large bronchiole with

aggregation of SIRPa+ cells below the epithelium, and
loosely scattered positive cells surrounding
high

power

a

=

further aggregation of

lymphoid follicle (F) (bar

=

50//m (D):

view of an aggregation of SIRPa+ cells below the bronchiolar epithelium

(bar = 20/mi).

E

a

an

epithelium; L

=

airway lumen; F

=

lymphoid follicle.

164

Figure 4.6
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Figure 4.6

Immunohistochemical

labelling of CD 14 epitopes in ovine lower respiratory tract

tissue.

(A):

single CD14+ cell, highlighted by

a

epithelial basement membrane (bar
arrows,

(C):

a

alveolar

=

20/mi). (B): two

CD14+ cells, highlighted by

adjacent to sub-mucosal glands within the tracheal sub-mucosa (bar

airspace (bar

distinct patterns

E

located below the tracheal

large rounded and vacuolated CD14+ cell, highlighted by

alveolar

more

=

an arrow,

=

10/mi). (D):

cross

of CD 14 staining. Firstly,

airspace (arrow). Secondly,

a

section of
a

an

=

airway lumen; S

10/zm).

within

an

alveolus demonstrating 2

large rounded

CD14+ cell within the

CD14+ cell within the alveolar septal wall with

irregular morphology (arrowhead) (bar = 10/um).

epithelium; L

an arrow,

=

=

submucosal gland.
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Figure 4.7
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Figure 4.7

Immunohistochemical

labelling of CD4 epitopes in ovine lower respiratory tract

tissue.

(A): CD4+ cells scattered beneath the tracheal epithelium (bar
aggregation of CD4+ cells adjacent to
the tracheal

bronchiole

submucosa (bar =

(bar

demonstrating

=

a

50/mi). (D):

=

CD4+ cells adjacent

loose

to a

section of the right caudo-dorsal lung lobe

staining is preferentially located in cortical

positive cells within the follicular

E

a

large aggregation of CD4+ cells with typical organised lymphoid

tissue structure. CD4

alveolar

20/mi). (B):

submucosal gland and small vessels within

a

20/nn). (C): scattered
cross

=

(bar

area

=

50/mi). (E):

areas,

with scattered

CD4+ cells within the

septal walls.

epithelium; L

bronchiole; F

=

=

airway lumen; S

=

submucosal gland; V

lymphoid follicle.
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=

blood vessel; B

=

Figure 4.8
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Figure 4.8

Immunohistochemical

labelling of CD8 epitopes in ovine lower respiratory tract

tissue.

(A): CD8+ cells scattered beneath the tracheal epithelium (arrows) (bar
a

number of

scattered

or

CD8+
within

cells

a

adjacent to tracheal submucosal glands, either loosely

small

aggregation (arrow) (bar

disorganised aggregation of CD8+ cells adjacent to
section of the

cross

CD8+
CD8

cells with

E

=

a

=

20/cm). (C): A large

bronchiole (bar

right caudo-dorsal lung lobe demonstrating

a

areas,

50/mr). (D):

=

large aggregation of

typical organised lymphoid tissue structure adjacent to

staining is located in cortical

50/rni). (E):

20/zm). (B):

=

a

and is absent from follicular

bronchiole.
(bar

=

bronchiole; F

=

area

CD8+ cells within the alveolar septal walls.

epithelium; L

=

airway lumen; S

=

submucosal gland; B

lymphoid follicle.
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Figure 4.9

(A)

I Dorsal trachea
I Ventral trachea

I fi
MHCI

CD1 b

CD205

SIRRa

CD14

CD4

CD8

O

Upper trachea

■ Mid-trachea
□ Lower trachea

MHCII

CD1 b

CD205

SIRPa

CD14
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CD4

CD8

Figure 4.9
Distribution of immune
immunohistochemical
determined in upper

cell markers

in the ovine

airways revealed by single

staining. The number of cells expressing each marker
dorsal and

upper

was

ventral trachea, mid-dorsal and mid-ventral

trachea, lower dorsal and lower ventral trachea, right main bronchi, and lower airways
in 3

sheep. Positive cells

expressed

as

cell count

were

counted in 10 high

per mm

power

(X40) microscope fields and

epithelium. Statistical analysis

paired /-test. Graphs represent the

mean

was

cell count ± the standard

performed using

error

of the

mean.

(A): Comparison of cell counts between dorsal and ventral trachea.

(B): Comparison of cell counts between

upper,

mid and lower trachea.

(C): Comparison of cell counts between trachea, main bronchi and lower airways
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a

MHCil

CD1b

CD205

SIRPa

CD14

CD4

CD8

Figure 4.10
Distribution of immune cell markers in the ovine
immunohistochemical

was

observed.

lung parenchyma revealed by single

staining. Widespread staining of MHC class II, CD4 and CD8

Significantly

more

CD8 positive cells

were present

in lung parenchyma

compared to CD4 positive cells (p<0.01). No SIRPa staining was present in lung
parenchymal tissue.
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4.3.1.3 Double immunohistochemical

In section

4.3.1.2, populations of MHC class II positive cells were identified with

dendritic cell

or

(DC)-like morphology either associated with the respiratory epithelium,

within the alveolar

markers

septal walls. In addition, staining of

(CDlb, SIRPa, CD205, and CD4)

was

a

number of potential DC

observed in

a

similar location to

II+ cell populations. In order to characterise further ovine RTDCs,

MHC class
double

staining for potential RTDC markers

staining protocol

was

stained with MHC class II

as

employed in which potential DC markers
described in Section 2.7.

Staining

was

a

were co-

carried out

on

representative samples of trachea, lower airway and lung parenchyma derived from
the

same

were

3

sheep used in the previous single staining study. 500 MHC class II+ cells

counted per

tissue section, and the number of double positive cells recorded.

From this the percentage

number of MHC class

of double positive cells and the proportion of the total

II+ cells co-expressing each marker

was

calculated.

Representative images of double immunohistochemical staining in the trachea and
lower

lung

are

shown in Figure 4.11 and 4.12 respectively. The percentage

localisation for each
cells in the lower

A

potential DC marker is shown in Table 4.2. 90-95% of CDlb+

airways and lung parenchyma expressed MHC class II. However, in

the tracheal mucosa,
II.

co-

approximately 40% of CDlb+ cells did not

proportion of these single CDlb+ cells

were

express

MHC class

located within the tracheal

epithelium. All SIRPa+ cells also expressed MHC class II. 95-100% of sub-epithelial
CD205+ cells

were

also

positive for MHC class II. In the lung parenchyma, the

majority (87%) of CD205+ cells did not
CD4 and MHC class II
contact

was

was

observed between

express

observed in any

CD4+

MHC class II. No co-expression of
sample, although frequent intimate

and MHC class
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II+ cells (Figure 4.13).

The percentage

of MHC class II+ cells co-expressing each DC marker is shown in

Table 4.3. CDlb

was

expressed

on a

small subpopulation (1.6-8.4%) of MHC class

II+ cells throughout the respiratory tract. The percentage of MHC class

II+ cells

expressing CDlb increased from trachea to lower lung. Expression of SIRPa
limited to

a

small

subpopulation (2.3-4.4%) of MHC class II+ cells in airways, and

decreased from trachea to lower

II+ cells in

upper

was

airways. CD205

was

widely expressed by MHC class

and lower airways, with approximately 60% of MHC class

II+ cells

co-expressing CD205 in these locations. However, in lung parenchyma, CD205
expressed by less than 10 % of MHC class II+ cells.

175

was

Figure 4.11
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Figure 4.11

Double immunohistochemical

staining of immune cells within ovine trachea.

(A)-(C): SIRPa (red) and MHC class II (green) staining with the monoclonal
antibodies ILA-24 and SW73.2
cells below the tracheal

with ILA-24 and rat

respectively. (A):

epithelium

co-express

a

small proportion of MHC class

II+

SIRPa (yellow). (B): control staining

IgG. (C): control staining with SW73.2 and

mouse

IgG. Bar

=

20

jum.

(D)-(F): CD205 (red) and MHC class II (green) staining with the monoclonal
antibodies CC98 and SW73.2

respectively. (D):

below the tracheal

co-express

CD205 and rat

epithelium

a

proportion of MHC class II+ cells

CD205 (yellow). (E): control staining with

IgG. (F): control staining with SW73.2 and

mouse

IgG. Bar = 20 //m.

(G)-(l): CD lb (red) and MHC class II (green) staining with the monoclonal antibodies
CC20 and SW73.2

the tracheal

express

respectively. (G):

epithelium

co-express

MHC class II and

were

a

small proportion of MHC class

CC20 (arrow). A number of

II+ cells below

CDlb+ cells did

not

occasionally located within the tracheal epithelium

(arrowhead) (H): control staining with CC20 and rat IgG. (I): control staining with
SW73.2 and

mouse

CD4

IgG. Bar = 20 fim.

(red) and MHC class II (green) staining with the monoclonal antibodies

17D and SW73.2

respectively. (J):

observed within the tracheal
control

no

mucosa.

staining with SW73.2 and

co-expression of CD4 and MHC class II

was

(K): control staining with 17D and rat IgG. (L):

mouse

IgG. Bar

177

=

20 //nr.

Figure 4.12
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Figure 4.12

Double immunohistochemical

staining of immune cells within ovine lower lung.

(A)-(C): SIRPa (red) and MHC class II (green) staining with the monoclonal
antibodies ILA-24 and SW73.2

respectively. (A):

cells

co-express

adjacent to lower airways

ILA-24 and rat

a

small proportion of MHC class II+

SIRPa (arrow). (B): control staining with

IgG demonstrating weak SIRPa staining (arrow). (C): control staining

with SW73.2 and

mouse

IgG. Bar = 20 /mi.

(D)-(F): CD205 (red) and MHC class II (green) staining with the monoclonal
antibodies CC98 and SW73.2
alveolar

septal walls do not

CD205 and rat

CD205+ cells within the

respectively. (D): small

co-express

MHC class II. (E): control staining with

IgG. (F): control staining with SW73.2 and

mouse

IgG. Bar = 20 /im.

(G)-(l): CD lb (red) and MHC class II (green) staining with the monoclonal antibodies
CC20 and SW73.2

respectively. (G):

parenchma adjacent to bronchioles
with CC20 and rat

a

proportion of MHC class II+ cells within lung

co-express

CC20 (yellow). (H): control staining

IgG. (I): control staining with SW73.2 and

mouse

IgG. Bar

=

20

/im.

CD4

(red) and MHC class II (green) staining with the monoclonal antibodies

17D and SW73.2

respectively. (J):

observed within the
control

no

co-expression of CD4 and MHC class II

was

lung parenchyma. (K): control staining with 17D and rat IgG. (L):

staining with SW73.2 and

mouse

IgG. Bar = 20 /im.
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Table 4.2

Co-expression of potential DC markers with MHC class II antigen in the ovine
respiratory tract
Cell surface

markerf

%

co-expression of MHC class II*

Trachea

Lower

CDlb

59.67±1.73

87.62±3.57

90.51±6.62

SIRPa

100

100

n/a *

CD205

100

96.63±2.12

13.13i4.00

CD4

0

0

0

f

Double immunohistochemical

antigen

was

Lung parenchyma

airway

staining of potential DC markers with MHC class II

performed in the trachea, lower airway and lung parenchyma of 3 normal

sheep.
*

Values

expressed

are

the

mean percentages

of CD lb, SIRPa, CD205 and CD4

positive cells expressing MHC class II ± standard
1

n/a

=

not

applicable.
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error

of the

mean.

E

Figure 4.13

Double immunohistochemical
tracheal

mucosa.

staining for CD4 (red) and MHC class II (green) in

Intimate contact is demonstrated between CD4

cells. No co-localisation of CD4 and MHC class II

epithelium.
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and MHC class II+

is apparent.

E

=

tracheal

Table 4.3

Co-expression of MHC class II antigen with potential DC markers with in the ovine
respiratory tract
Cell

surface

markerf

%

of total MHC class II cell population co-expressing marker*

Trachea

Lower

CDlb

1.59±0.51

8.35±4.29

6.04±0.46

SIRPa

4.40±1.06

2.32±0.60

0

CD205

58.93±4.84

58.07±1.68

8.51±1.68

CD4

0

0

0

f

Double immunohistochemical

Lung parenchyma

airway

staining of potential DC markers with MHC class II

antigen with potential DC markers

was

performed in the trachea, lower airway and

lung parenchyma of 3 normal sheep.
*

Values

are

expressed

as

the

mean

percentages of MHC class

expressing CD lb, SIRPa, CD205 and CD4 ± standard
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error

of the

II+ cells also

mean.

4.3.1.4

Summary of RTDC markers in the ovine respiratory tract

Populations of CD lb positive cells with DC-like morphology
airways and lung parenchyma which demonstrated
MHC class II. Other

were

either

Therefore, CD lb

identified in lower

high percentage co-expression of

potential DC markers evaluated in the lower respiratory tract

weakly expressed (SIRPa),

with MHC class II

a

were

or

demonstrated

co-localisation

poor or no

(CD205 and CD4 respectively) within the lung parenchyma.

was

identified

as

the most specific DC marker in the lower

respiratory tract.

4.3.2 Recruitment

of respiratory tract dendritic cells in

response

to

lungworm

infection

It has been demonstrated in other

species that

of the lung to

exposure

a

wide

range

of

bacterial, viral and soluble protein antigens results in rapid recruitment of DC to the
site of

antigen deposition

as part

of

inflammatory

an

response

(McWilliam et al.,

1994; McWilliam et al., 1996; Nishida et al., 1999; Jahnsen et al., 2001). To date this
RTDC recruitment has not been demonstrated in the ovine
RTDC

marker, CD lb, identified in Section 4.3.1, the effect of antigen exposure and

inflammation, in this
lower

lung. Using the specific

lung

was

case as a

result of lungworm infection, on RTDC numbers in the

determined.

Samples of right caudo-dorsal (RCD) lung lobes
infected adult

greyface

ewes

non-infected

control

animals

Lungworm infection

was

originating from the
obtained

diagnosed at

from

gross
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were

obtained from 6 lungworm-

same

organically reared flock, and 6

the

Moredun

Research

Institute.

post-mortem by the presence of adult

Dictyocaulus filaria in the airways and/or Muellerius capillaris larvae within parasitic
nodules within the
with

parenchyma. Of the 6 lungworm infected sheep, 3

Dictyocaulus filaria, and 3

were seen on

gross

on

RCD lung lobes

as

lung inflammation, and the results

ratios of

presence

described in Sections 2.11.5

are

-

2.11.7 to

shown in Table 4.4. The percentage

eosinophils, lymphocytes and mast cells in BAL cell populations

increased in

were

infected with Muellerius capillaris. No parasites

examination of control lung lobes. In addition, BAL differential

cytology was performed
confirm

were

infected

were

of

were

lungworm infected lung lobes compared to normal limits, indicating the
an

inflammatory

response

in these lobes. BAL differential cell counts

within normal limits in control animals.

Tissue

samples

were

immunohistochemical
control

processed

described

as

staining for CD lb

was

in

carried out

Section
on

2.7,

and

single

lungworm infected and

lung tissue samples. The numbers of CD lb positive cells at epithelial and

parenchymal locations
of cell counts

was

were

counted

as

detailed in Section 2.7.4. Statistical analysis

performed using the non-parametric Mann-whitney test.

CDlbpositive cell counts

The results of CDlb cell counts

are

shown in

observed in the number of CDlb+ cells at both

Muellerius
No

Figure 4.14. A significant increase

parenchymal and epithelial locations in

capillaris infected lung lobes compared to

significant differences

were

was

non

infected controls (p<0.05).

observed in CDlb positive cell numbers between

Dictyocaulus filaria infected lungs and non-infected controls. Within Muellerius
capillaris infected lung lobes, large numbers of positive cells
surrounding larval cysts (Fig. 4.15).
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were

observed

cels 0.7±0.16

Mast

0

0.1±0.2

Eosinphls

38.9±5.7

Lymphoctes

9.2±1.0 8.6±4.2 3.1±2.0

Neutrophils

8.1±7.4 2.1±1.2 2.9±3.7

Macrophges

4 .1±5.1 87.1±2.8 93.4± .8
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Figure 4.14
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Control

Figure 4.14

Comparison of CD lb positive cell counts in lungworm infected and non-lungworm
infected

lung lobes using single immunohistochemical staining. Tissue sections from

Muellerius infected

(n=6)

were

(n=3), Dictyocaulus infected (n=3) and non-infected lung lobes

stained for the

presence

adjacent to lower airways
analysis
results

was

are

or

of CD lb. The numbers of positive cells present

within lung parenchyma

were

counted. Statistical

performed using the non-parametric Mann-Whitney test, and significant

indicated

on

the

graphs.

(A): Comparison of airway CD lb cell counts between Muellerius infected,
Dictyocaulus infected and non-infected lung lobes.

(B): Comparison of lung parenchymal CDlb cell counts between Muellerius infected,
Dictyocaulus infected and non-infected lung lobes.
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Figure 4.15

Single immunohistochemical staining for CD lb in Muellerius capillaris infected
sheep lungs. (A): Cross-section of a. Muellerius capillaris lesion surrounded by
number of CDlb+ dendritic cells.

M

=

Bar

large

(B): IgG control.

cross-sections of adult Muellerius

=

a

capillaries

50/mi.
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worms

within

a

parasitic nodule.

4.4 DISCUSSION

MHC class II

staining of ovine respiratory tract revealed widespread populations of

airway and parenchymal DCs consistent with those

seen

in other species (Holt and

Schon-Hegrad, 1987; Holt et al., 1989; Gonzalez-Juarrero and Orme, 2001). The
number of

with

epithelial DCs decreased from

upper to

previous studies of rat airway DCs, and

may

lower airways. This is consistent

reflect increased

exposure

of upper

airways to inhaled antigens (Schon-Hegrad et al., 1991). No differences in DC
numbers

observed between dorsal and ventral trachea. This is in contrast to rat

were

tracheal DC

populations, which

abundant in dorsal trachea (Schon-Hegrad et

are more

al., 1991). This difference in DC numbers between dorsal and ventral aspects of the
trachea

was

attributed to increased

absence of this

in airflow

antigen

exposure

of dorsal tracheal surfaces. The

preferential location of DCs to dorsal surfaces

may

reflect differences

dynamics and antigen deposition between rat and ovine trachea.

Evaluation of

number of

a

potential DC markers revealed CD205 expression by the

majority of airway epithelial DCs. Expression of CD lb and SIRPa
small subsets of
to

MHC class

CD205+

epithelial DCs. CD205 expression

II+ cells, and this

was

was

was

limited to

almost exclusively restricted

consistent with the finding that the number of

cells decreased from upper to

lower airways, mirroring MHC class II

was

and appears to

be

a

expression

restricted to MHC class II+ cells in lower airways, but in the trachea

40% of

CDlb+

smaller and
has

was

also restricted to MHC class

II+ cells with DC morphology

expression. SIRPa

specific DC marker, although only weakly expressed. CDlb

cells not

more

expressing MHC class II. These single CDlbf cells

rounded than

were

CDlb+/MHC class II+ cells. CDlb expression in sheep

previously been thought to be

a

specific DC marker in tissues outwith the thymus
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(Dutia and Hopkins, 1991; Rhind et al., 2000), although previous studies have only

employed single staining techniques. As MHC class II expression is

CDlb+/MHC class II" cells do

DCs,

known expressors

of CD lb in

a

not appear to

a

hallmark of

be DCs. Cortical thymocytes

are

number of species including sheep (Dutia and

Hopkins, 1991; Hopkins et ah, 2000), cattle (Howard and Naessens, 1993) and
humans

(Martin et ah, 1987). Given the lack of MHC class II expression and the small

rounded

morphology, CDlb+/MHC class II" cells

lymphocytes. Indeed, single CDlb+ cells
known location for

were

may represent a

subpopulation of

found within airway epithelium,

a

lymphocytes within the ovine respiratory tract (Chen et ah, 1989).

Co-staining of lymphocyte markers with CD lb would be required to confirm this
hypothesis.

The

proportion of airway RTDCs expressing CD205, CD lb and SIRPa is consistent

with

previous analyses of ALDCs in cattle and sheep: CD205 is expressed by the

majority of ALDCs, whereas CDlb and SIRPa
subsets of ALDCs

et

expression is limited to smaller

(McKeever, 1991; Howard et al., 1997; Brooke et ah, 1998; Ryan

al., 2000). However, the proportion of RTDCs expressing CDlb and SIRPa

found to be much lower than

reported in ovine and bovine AVLCs. There

possible explanations for this. Firstly, it is likely that CDlb+ and
tissue

are

of

an

tissues represent
from the

immature

phenotype

as

are

was

three

SIRPa+ cells within

it is widely thought that DCs in peripheral

immature cells, with maturation occurring during their migration

peripheral tissues to the draining lymph nodes (Banchereau et al., 2000).

Expression of both proteins

may

increase with DC maturation and migration from

respiratory tract tissue into draining lymphatics. Secondly, the
previous studies

was

source

of ALDCs in

afferent lymph draining from the skin into femoral
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or

popliteal

lymph nodes, and there
between skin and

cytometry,

a

may

be differences in expression of CD lb and SIRPa

airway DCs. Finally, ALDCs

technique

with

much

are

greater

studied primarily using flow
sensitivity

than

standard

immunohistochemistry (Fulwyler, 1980). Thus, expression of both CD lb and SIRPa
may

be

more

widespread in RTDCs than is apparent in this study.

It is unclear whether

CD205+, CDlb+ and SIRPa+ DCs

represent separate DC

populations,

or are

suggest that

SIRPa+ and CDlb+ cell co-express CD205. In one study of sheep afferent

co-expressed. However, ALDC analyses in sheep and cattle would

lymph, 60-70% and 65-80% of ALDCs

were

found to

respectively (Ryan et al., 2000), indicating that
expressed both CD205 and CD lb. In addition,
have been shown to co-express
ALDCs demonstrates

a

up to

SIRPa+ (Watkins

express

CD lb and CD205

proportion of these cells

co-

CD205+ ovine ALDCs

75% of

et al., 2005). Analysis of cattle

widespread CD205 expression, with

a

subsets of these cells

expressing SIRPa (Brooke et al., 1998; Howard et al., 1999) and CD lb (Howard et
al., 1997). Double staining with CD205, CDlb and SIRPa would be required to

clarify this situation. CD4

was not

expressed by RTDCs in contrast to the situation in

the rat

(Schon-Hegrad et al., 1991).

CDlb

expression by parenchymal DCs

was

similar to that

seen

with lower airway

DCs, with expression of CDlb being highly restricted to MHC class

II+ cells and

present in a small sub-population of DCs. However, expression of SIRPa and CD205

by parenchymal DCs
did not express

was

different to that observed by airway DCs: parenchymal DCs

SIRPa, and CD205

was

only expressed by

DCs. However, it must be noted that MHC class

a

small sub-population of

II+ cell populations

were more

pleomorphic in the lung parenchyma compared to airways, most likely due to staining
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of other MHC class II

expressing cell types,

e.g.

B cells, activated T cells and

macrophages (Puri et ah, 1987). Therefore, the percentages of DCs expressing various
DC markers in

parenchymal tissue

where CD205

expression is highly restricted to MHC class II+ cells, CD205

expressed by

large population of MHC class ITcells in the parenchyma with

a

rounded non-DC like

in

are

likely to be underestimated. Unlike in airways

a

was

small

morphology. CD205 expression has been previously described

y/5 T cells and B cells (Howard and Naessens, 1993), and it is possible these

CD205+

/ MHC class II" cells represent

B cells would be

was

expected to

co-express

or

B cell populations, although

MHC class II. In addition, CD205 staining

concentrated in follicular-like structures within cellular

bronchioles. These
been

parenchymal T

positive cells

are

aggregations adjacent to

most probably follicular B cells, as CD205 has

reported to be expressed by these cells in cattle (Howard and Naessens, 1993;

Gliddon et ah,

lymph node

2004), and specific staining of follicular

was

observed in this study. Therefore it

areas

within ovine mediastinal

appears

that CD205 is not

a

highly specific marker for DC populations in the lower lung.

The differences in

populations

may represent two

different stages
may

expression of DC markers between airway and parenchymal DC
distinct populations of DCs

of maturation. In either

case,

it

may

or may

represent DCs at

be that differences in expression

relate to functional differences between the two DC populations,

shown that

as

it has been

purified parenchymal and airway DCs differ in their antigen presentation

capabilities and turnover rates in the rat (Gong et ah, 1992; Holt and Stumbles, 2000)
and the

mouse

(Gamier, 2005). Studies of purified ovine DCs from airway and

parenchymal locations would be required to better characterise these two populations.
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CD 14

staining in the lower lung

consistent with previous studies in the ovine

was

lung and identified large numbers of macrophages consisting of two distinct cell

populations: alveolar macrophages (AMs) within the alveolar airspace and interstitial
macrophages, most likely pulmonary intravascular macrophages (PIMs) in the
alveolar
in

septal walls which

are

known to be the most abundant interstitial macrophage

sheep lung (Warner et ah, 1986). In contrast, only small numbers of macrophages

were

found in

larger airways. This difference in numbers of macrophages between

airways and parenchyma could be explained by their relative functional importance.
PIMs in

sheep

are

thought to play

effete red blood cells,

1999). AMs

are a

a

major role in the clearance of particles such

as

bacteria, and immune complexes from the blood (Brain et al.,

major component of the immune defence mechanisms in the lower

airways, providing, amongst other functions, phagocytic defence against particles
deposited in the lower lung (Lehnert, 1992).

Large airways

are

well protected by

an

number of defence mechanisms, including the

muco-ciliary escalator, surface immunoglobulin and the barrier function of epithelial
tight junctions (Gong et al., 1992; Zhang et ah, 2000). Therefore, unless these
epithelial barriers

are

breached,

one

would expect that the relative contribution of

airway tissue macrophages to overall immune defence would be small. This would

explain the low numbers of airway tissue macrophages
expression

was

observed

has been shown,

on

seen

in this study. No CD 14

DC like cells throughout the respiratory tract although it

using flow cytometry, to be weakly expressed by ovine afferent

lymph dendritic cells (Gupta et al., 1996; Hopkins and Gupta, 1996; Ryan et al.,
2000). The absence of CD 14 staining of DC populations
CD 14

expression by RTDCs,

or may

may

truly reflect the lack of

result from RTDC expression of CD 14 being
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below

the

detection

threshold

of the

immunohistochemical

staining protocol

employed in this study.

CD4 and CD8

staining identified T cells with putative helper and cytotoxic functions

respectively. All positively stained cells
distribution of

were

of typical lymphocyte morphology. The

lymphoid tissue within the respiratory tract

was

consistent with

a

previous study of lymphoid tissue in the sheep respiratory tract (Chen et ah, 1989).
Dense

lymphoid aggregations

associated
trachea

were

mainly limited to bronchioles (bronchiolar-

lymphoid tissue, BALT). No nodular lymphoid aggregations

or

associated

bronchi

These nodular

were

aggregations, collectively known

found in

as mucosa-

lymphoid tissue (MALT), have been well characterised in the ovine

nasopharynx (Stanley et ah, 2001) and consist of sub-epithelial lymphoid tissue with
modified

overlying epithelium known

number of
allow

as

a

follicle-associated epithelium (FAE). A

specialised epithelial cells, known

as

M cells,

are

present in the FAE, and

trans-epithelial transport of macromolecules, particles and microorganisms

(Neutra, 1999). Therefore it

appears

that M cells

are rare or

airways of sheep. High numbers of CD4+ and CD8+ T cells
parenchyma,

mainly within alveolar septal walls.

absent in the large

were

present in lung

The ratio of CD4+:CD8+

lymphocytes differed between airways and parenchyma, with relatively
cells in

lung parenchyma, and relatively

reflect differences in the

more

differing locations of the respiratory tract, with Thl-type

been shown that

responses

CD8+

CD4+ cells in main bronchi. This could

predominance of Thl- and Th2-type

lung parenchyma, and Th2-type

more

responses

responses

between

predominating in

predominating in airways. Indeed it has

antibody production in sheep airways is widespread (Scicchitano et

al., 1984). Dual labelling of CD4 and MHC class II revealed intimate contact between
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DC like cells and

helper T cells throughout the respiratory tract. This

may represent

antigen presentation by DCs to tissue T cells.

The identification of
location
MVV

as

an

extensive network of DCs in ovine trachea at the

provirus positive cells within infected tracheal

organ

same

cultures suggests

uptake in the trachea is mediated by DCs. Conversely, the small number of

macrophages identified in tracheal

mucosa

would suggest this cell type is of lesser

importance in MVV infection of trachea. Uptake of MVV by DCs would be
consistent with
mucosal

a

surfaces.

number of studies which

HIV-1, which

can

implicate DCs in lentiviral uptake at

be transmitted either by vaginal or anal

intercourse, has been identified in vaginal mucosal DCs of naturally infected patients

(Bhoopat et al., 2001) and is capable of binding to purified rectal DCs (Gurney et al.,
2005). In vivo challenge of rhesus

macaques

with Simian immunodeficiency virus

(SIV) at intestinal and vaginal sites result in uptake of virus by resident mucosal DCs

(Spira et al., 1996; Hu et al., 2000; Choi et al., 2003). Evidence for MVV uptake by
DCs is limited to

one

study in which free-virus

was

inoculated intra-dermally, and

subsequently detected in ALDCs derived from the draining lymphatics. This
presumably

as a

was

result of MVV uptake by skin DCs at the injection site, and

subsequent migration of these cells into the draining lymphatics (Ryan et al., 2000).
Uptake of MVV at mucosal surfaces has not yet been demonstrated. Co-staining for
provirus and DC markers,
tracheal

If

mucosa

would be

or

analysis of purified DC populations from MVV infected

required to confirm this hypothesis.

uptake of MVV in the trachea is indeed mediated by sub-epithelial DCs, the

absence of MVV

provirus within the tracheal epithelium observed in Chapter 3 at

early time-points post-infection could be explained in two
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ways.

Firstly, it is possible

that virus

uptake from luminal surfaces

dendritic processes
has been

directly via intra-epithelial

may occur

originating from sub-epithelial DC populations. This mechanism

postulated for uptake of luminal bacteria by intestinal DCs (Rescigno et al.,

2001; Granucci and Ricciardi-Castagnoli, 2003). Secondly, MVV uptake may involve
a

similar mechanism

to

that described for HIV-1

uptake

across

the intestinal

epithelium in which virus is translocated from the luminal surface to sub-epithelial
DC and

CD4+

T cell

populations by epithelial cells, but the epithelial cells themselves

do not become infected

(Meng et al., 2002).

It has been shown that M cells in the gut are

capable of HIV-1 uptake (Amerongen et

al., 1991). However, the lack of M cells within the trachea would suggest this is not
main mechanism of

uptake in the tracheal

MVV infection via the nasal

inefficient

mucosa.

In addition, it has been shown that

cavity, which is known to contain abundant M cells, is

(Torsteinsdottir et al., 2003), again suggesting M cell uptake is not

significant entry mechanism for MVV. However, this
not

may

Recruitment to sites of

thought to be

exposure

is

a

of the inflammatory

lung tissue and the RTDC marker CD lb,

a

hallmark of DC behaviour, and is
response.

as

it

was

found to be the most

infected

(containing adult

lungs. This

may

was

chosen

as a

marker for

specific DC marker in lower airways and lung

parenchyma. Interestingly, recruitment of DCs
Muellerius lesions

Using lungworm infected

significant recruitment of DCs to

lungworm infected sites has been demonstrated. CD lb
DCs

during the

employed in this study.

antigen

a component

a

not be strictly true as it is

known how much contact between virus and M cells occurred

intranasal inoculation method

a

worms,

was

only evident adjacent to

larvae and eggs) and not in Dicytocaulus

partly be explained by differences in immune
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response to

the

parasites. No acquired immune

two

and the adult

worms are

not

response

is generated during Muellerius infection

expelled. This is in contrast to Dicytocaulus infection,

which induces strong

protective immunity (Urquhart, 1996). By becoming resident in

the

worms

lung, Muellerius

comparison to Dicytocaulus
over

It is

would provide
worms,

a more

chronic antigenic stimulus in

potentially resulting in greater DC recruitment

time.

likely, however, that the lack of observed DC recruitment in Dicytocaulus

infection in this
the alveolar
where

they

study resulted from

areas

of the

cause an

a

sampling artefact: Muellerius

lung whereas Dicytocaulus

worms are

worms

localise in

located in the bronchi,

inflammatory reaction (Kaufmann, 1996). It is known that in the

respiratory tract, DC recruitment localises to the site of antigen

exposure

and

subsequent inflammation (McWilliam et al., 1994; McWilliam et al., 1996; Stumbles
et

ah, 2001), therefore the site of DC recruitment in Dicytocaulus infected lungs could

easily be missed when large airways

are

not analysed, as was the case in this study.

Analysis of larger airways would be required to evaluate DC recruitment in

Dicytocaulus infected lungs.

If RTDCs

are

indeed

a

primary target cell for uptake of MVV within the respiratory

tract, the observed increase in RTDC
enhance virus

populations during lungworm infection

uptake. This increase in RTDC populations

may

may

therefore explain the

higher MVV transmission rates observed in flocks infested with lungworm compared
to flocks with

to be recruited

regular anthelmintic treatment
by

a

wide

range

programs

(Straub, 2004). As DCs

of antigenic stimuli (McWilliam et ah, 1996), it

envisaged that other respiratory tract infections, including MVV itself,
RTDCs into the

lung and subsequently enhance MVV uptake.
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may

appear
can

be

recruit

4.5 CONCLUSIONS

1) The ovine respiratory tract contains
in

a

parenchymal

or

a

widespread population of DCs, located either

airway location.

2) Expression of CD205, CD lb and SIRPa differed between airway and parenchymal
DC

populations: CD205

small

was

expressed by the majority of airway DCs, but only

sub-population of parenchymal DCs; CD lb

was

populations of both airway and parenchymal DCs; SIRPa

a

expressed by small subwas

expressed by

a

small

population of airway DCs, but not by parenchymal DCs.

3) Only small numbers of macrophages

were present

in ovine respiratory tract

airways.

4) Lymphoid cells

are

scattered throughout the ovine respiratory tract with

aggregations of lymphoid tissue generally associated with bronchioles. No nodular
lymphoid tissue is present in trachea, bronchi and lower lung.

5) RTDCs

are

recruited to the site of Muellerius capillaris lesions.
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CHAPTER 5

INVESTIGATION OF THE INTRA-TRACHEAL INOCULATION ROUTE OF
INFECTION WITH MAEDI-VISNA VIRUS
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5.1 INTRODUCTION

Highly efficient mechanisms of virus entry

are

likely to play

an

important role in

naturally occurring horizontal transmission, for which the respiratory tract has been
strongly implicated (Dawson et al., 1985; Pepin et ah, 1998; Peterhans et al., 2004).
As

previously noted, intra-tracheal (IT) inoculation is

highly efficient method of

a

experimentally infecting sheep with maedi-visna virus, with

a

1ml inoculation of 10

TCID50 of virus resulting in infection in 50% of sheep (Torsteinsdottir et ah, 2003).

IT

injection has been used widely

as a

method of lower lung

exposure

in rats (Berry et

ah, 1977), mice (Su et ah, 2004) and rabbits (Rider et ah, 1992). However, in sheep it
is not known

exactly which parts of the respiratory tract

are

Determining which compartments of the respiratory tract
efficient
initial

involved in this highly

uptake mechanism of MVV during IT inoculation.

an

dyes have been used to track instillations in vivo, including patent blue

inert protein-binding dye routinely used to

surgical removal of breast
this

are

uptake of virus would allow the development of hypotheses regarding the

A number of

dye,

exposed to IT inoculates.

cancers

Chapter, patent blue dye

ovine trachea

was

map

lymphatic drainage prior to

in humans (Hirsch et ah, 1982). In the first part of
used to track 1ml instillates introduced into the

by IT inoculation. This is

an

MVV infection studies. From this, it was

equivalent volume to that used for previous
hoped that the

areas

of the respiratory tract

exposed during IT inoculation would be determined.

It is

likely that IT inoculation results in

exposure

Chapter 3 suggest that, although the tracheal
infection appears to

be inefficient with large
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of the trachea. The results from

mucosa

is infectable by MVV, this

(106 TCIDso/ml) doses of input virus

required for detectable infection to
trachea

are

involved in the

occur.

This suggests that factors outwith the

highly efficient IT inoculation route observed for MVV.

However, these observations may also reflect poor viability of tracheal organ cultures
and

subsequent alterations in virus behaviour. In addition, it has also been shown in

Chapter 3 that
enhanced

exposure

of tissue underlying the tracheal epithelium results in

uptake of MVV. Trauma to the tracheal epithelium during IT injection

may

theoretically result in enhanced virus uptake. Therefore the significance of MVV
uptake by the trachea during IT inoculation is unclear.

After identification of

areas

inoculation, differential

of the

exposure

respiratory tract which

of these

areas

are

exposed during IT

to MVV in vivo, and subsequent

analysis for evidence of infection (viraemia and sero-conversion), would allow the
relative

importance of these

potentially identify
and

thus

areas

areas

for virus uptake to be established. This would

within the respiratory tract that

are

highly sensitive to MVV,

provide insights into initial virus uptake mechanisms during natural

respiratory transmission.
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5.2 AIMS

The overall aim of this

chapter is to identify

during IT inoculation, and

assess

areas

of the respiratory tract involved

the relative sensitivities of these

areas to

MVV in

vivo.

The

specific aims of this chapter

1) To determine which
delivered

3) To

follows:

of the ovine respiratory tract

are

exposed to instillates

by intra-tracheal inoculation.

2) To develop
exposure

areas

are as

a

differential

of specific

assess

areas

exposure

model in the ovine respiratory tract to allow

of the respiratory tract to MVV.

the relative sensitivities of different

MVV.
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areas

of the respiratory tract to

5.3 RESULTS

5.3.1

Tracking of intra-tracheal instillates using patent blue dye

One ml of 0.1% patent

greyface

ewes

2.11.2. The

as

were

access

allowed to

recover

to food and water.

was

recorded using

digital

a

Representative images from
was

one

instilled into the trachea of two adult

dye

was

as

described in Sections 2.11.1 and

a pen
were

allowing freedom of movement,

euthanased 1 hour post-instillation

lungs removed. The location of patent blue

camera.

sheep

are

located in the trachea and left cardiac

small amount of

in

Sheep

described in Section 2.11.11 and the

dye

was

by IT injection under sedation

sheep

and with free

blue dye in PBS

shown in Figure 5.1. The majority of dye
lung lobes of both sheep. In

also present in the right cardiac lung lobe. Dye

one

sheep

was

located

a

throughout the whole length of the trachea including proximal to the injection site.
The

dye in the trachea

mucosa.

In

located within the

lung lobes, dye staining exhibited

both in smaller

exposure

was

a

mucus

layer overlying the tracheal

patchy distribution, and

was present

airways and lung parenchyma. Therefore, IT inoculation results in

of both the trachea and the lower lung.
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Figure 5.1

Distribution of patent

dye

were

in the

was

blue dye after intra-tracheal inoculation. (A): Large amounts of

located in the left cardiac lung lobe. A small amount of dye

right cardiac lung lobe of

one

sheep

as

was

also present

indicated by the arrowhead. (B): Dye

present throughout the whole length of the trachea within the overlying mucus

layer. (C): Dye

was

present throughout the airways and parenchyma of the left cardiac

lung lobe. (D): Tissue section of the left cardiac lung lobe demonstrating dye staining
in alveolar

RC

=

areas

(bar

=

50/mi).

right cardiac lung lobe; LC

=

left cardiac lung lobe. Arrow indicates the

injection site.
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5.3.2

Development of a differential

exposure

modelfor ovine trachea and lower lung

The results from Section 5.3.1 indicate that intra-tracheal inoculation of 1ml of fluid

results in exposure

of both the trachea and the lower lung to the instillate. To

the relative sensitivities of trachea and lower
in vivo exposure

model

instillations without

was

lung to maedi-visna virus,

created to allow exclusive

exposure

involving the lower lung. This tracheal

then be used to compare

a

assess

differential

of the trachea to 1ml

exposure

model could

tracheal virus instillations to lower lung bronchoscopic

instillations

Two adult

greyface

1% patent

blue dye in PBS

the trachea

using

a

ewes were

was

anaesthetised

as

described in Section 2.11.3. 1ml of

introduced onto the lateral aspect of the distal 1/3 of

flexible endoscope

as

described in Section 2.11.1.3. A diagram

showing the position of instillation is shown in Figure 5.2. The location of dye
recorded

by endoscopy immediately post-instillation, and at 15 minute intervals for 1

hour. The
water

and

recovery,

sheep
were

sheep

were

then allowed to

were

euthanased

in

a pen

with free

access to

food and

as

described in Section 2.11.11. The lungs
blue dye at post-mortem

was

were

recorded using

a

camera.

Representative images from
5.3.

recover

standing within 15-20 minutes post-anaesthesia. After 1 hour of

removed and the location of patent

digital

was

one

tracheal

exposure

experiment

are

shown in Figure

Dye pooled in the ventral aspect of the distal 1/3 of the trachea just proximal to

the entrance to the

right apical lung lobe immediately post-instillation. During the 1

hour of

anaesthesia, dye moved proximally

up

minutes

post-instillation, dye

the distal end of the endotracheal tube. At

was present at

the trachea towards the larynx. By 45

post-mortem dye was located at the proximal end of the trachea
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and within the larynx.

A small amount of

lower trachea, or

dye

within

was present
any

within the oral cavity. No dye

located in

lung lobe. Therefore, endoscopic instillation of dye into

the distal 1/3 of the trachea resulted in exposure
exposure

was

of the lower lung.
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of the trachea without

any

detectable

Figure 5.2

Diagram of the left
patent blue dye
to

for tracheal instillations. Sheep were

the distal third of the

ventral aspect
as

lateral aspect of an ovine lung showing

shown

RA

=

trachea (arrowhead) via an

of the trachea just proximal to

caudo-dorsal lung lobe;

anaesthetised and dye delivered

endoscope (E). Dye pooled on the

the entrance to the right apical lung lobe

by the arrow. After 1 hour of anaesthesia,

right apical lung lobe; LC =

the deposition site of

sheep were then recovered.

Left cardiac lung lobe; C = carina;

LCV = left caudo-ventral lung lobe
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LCD

=

left

Figure 5.3
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Figure 5.3

Representative images from
was

one

tracheal

exposure

experiment. 1ml of patent blue dye

deposited into the distal trachea under general anaesthesia via

After 1 hour of anaesthesia and 1 hour of recovery,

sheep

were

an

endoscope.

euthanased.

(A): Deposition of dye onto the lateral aspect of the distal tracheal wall via

a

catheter

(C) inserted into the lateral channel of an endoscope. (B): dye immediately pooled in
the ventral aspect

of the distal trachea, just proximal to the entrance to the right apical

lung lobe (RA). (C): 45 minutes post-instillation, dye
the endotracheal tube

no

dye

was

visible in

any

lung lobe (D) and

proximal end of the trachea and within the larynx (E). No dye

entrances to the

the distal end of

(ET).

(D)-(H): At post-mortem,
the

was present at

was

located at

was present at

right main bronchus (RMB), left main bronchus (LMB)

or

the

right

apical lung lobe (RA) (F). Sectioning of the left cardiac lung lobe revealed the lobe to
be free of
mortem

dye (G). A small amount of dye

(white arrow) (H).

209

was present

in the oral cavity at post¬

5.3.3

Comparison of the relative sensitivities of ovine trachea and lower lung to

maedi-visna virus in vivo

The results from Section 5.3.1 demonstrated that intra-tracheal inoculation of lrnl of
fluid

results

in

exposure

of both trachea and lower lung. However, relative

contribution of each of these

lung compartments to the high efficiency of infection

observed for intra-tracheal inoculation with maedi-visna virus

(MVV) is unclear.

To compare

the relative sensitivities of trachea and lower lung to MVV, sero-negative

adult

were

sheep

106

containing
trachea

inoculated under general anaesthesia with 1ml of MVV strain EV1

TCID50 either directly into the left cardiac lung lobe (n=4)

using the tracheal

inoculates

were

instillations

into the

model described in Section 5.3.2 (n=4). Virus

spiked with 0.01% patent blue dye, which had previously been shown

affect virus titre

not to

exposure

or

(data not shown), to allow direct visualisation of virus

by endoscopy. In addition, the trachea from

exposure group was

traumatised with

a

21

gauge

one

sheep from the tracheal

needle to account for tracheal

trauma

resulting from intra-tracheal injection. General anaesthesia

1 hour

post-instillation and the position of virus instillations noted by endoscopy at 15

minute intervals. Lower

was

maintained for

lung instillations remained within the left cardiac lung lobe

throughout anaesthesia. Tracheal instillations pooled at the level of the distal trachea
and moved
In

proximally

up

the trachea towards the larynx

addition, 2 further sheep

lml via intra-tracheal

inoculated with

were

injection

as

TCID50 of MVV strain EV1 in

exposures.

collected weekly for the first 2 months, and then

Sheep

were

every

2 weeks for 6 months. Blood samples

was

described in Section 5.3.2.

described in section 2.11.1 to allow direct

comparison with tracheal and lower lung

recovered and blood

106

as
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were

processed

as

described in Section

2.11.4, and analysed for the presence of MVV provirus and anti-MVV antibodies

using snPCR and ELISA respectively
time to PCR
Statistical

described in Sections 2.5.2 and 2.10.1. The

positivity and sero-conversion

analysis

was

The results of PCR

was

recorded for each instillation route.

performed using the non-parametric Mann-Whitney test.

analysis

shown in Figure 5.4.A. Intra-tracheal injection

are

resulted in viraemia at 3-4 weeks
2-3 weeks

as

post-infection. Lung instillation resulted in viraemia

post-infection. Tracheal instillation resulted in viraemia at 8-24 weeks

post-instillation,

significantly longer compared

to

lung

instillation (p<0.05).

Traumatising the tracheal epithelium prior to tracheal instillation did not result in

any

significant difference in the time taken for viraemia to develop.

Results of ELISA

weeks

analysis

are

shown in Figure 5.4.B. Sero-conversion occurred at 4-6

post-infection for intra-tracheal injection, 2-8 weeks post-infection for lung

instillation and 12-24 weeks
conversion
instillation

was

post-infection for tracheal instillation. The time to

sero¬

significantly greater for tracheal instillation compared to lower lung

(P<0.05). Traumatising the tracheal epithelium prior to tracheal instillation

did not result in any

significant difference in the time taken for sero-conversion to

occur.

Therefore lower

lung

animals with MVV
tracheal exposure

exposure

is

a

significantly

compared to tracheal

did not

appear to

more

exposure.

efficient method of infecting

Traumatising the trachea prior to

increase the efficiency of infection via this route.
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Figure 5.4

Comparison of the efficiencies of intra-tracheal, tracheal and lower lung inoculation
routes

for maedi-visna virus.

EV1 via intra-tracheal
into trachea

lobe

Sheep

were

inoculated with

TCID50 MVV strain

injection (intra-tracheal instillation), endoscopic instillation

(tracheal instillation)

or

endoscopic instillation into the left cardiac lung

(lower lung instillation). The trachea of 1 sheep in the tracheal instillation

(denoted by

a

double circle)

was

traumatised using 21

instillation. The time taken for viraemia

route.

Asterisk denotes

mean

significance

on

as

detected by snPCR.

(B): Sero-conversion

as

mean

group

needle prior to virus
occur was

value for each inoculation

Mann-Whitney test. Horizontal line indicates

value.

(A): Viraemia

gauge

(by PCR) and sero-conversion to

recorded for each route. Horizontal lines indicate the

the

106

detected by ELISA.
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5.4 DISCUSSION

It has been shown in this

exposure

of both trachea and all parts of the lower lung to the instillation. Using

differential exposure
lower

chapter that intra-tracheal inoculation in sheep results in

model for lower lung and trachea, it

lung instillation is

compared to tracheal
conversion to

occur

a

after lower

in vivo. The time taken for viraemia and

lung instillation is similar to that observed for intra¬

appear to

Therefore it is concluded that lower
reason

for the

sero¬

addition, trauma to the tracheal epithelium prior to tracheal

virus did not

exposure to

demonstrated that

highly efficient route of infection with maedi-visna virus

exposure

tracheal inoculation. In

was

a

increase the efficiency of virus infection.

lung

exposure,

and not tracheal

exposure,

is the

high efficiency of infection observed for intra-tracheal inoculation with

maedi-visna virus.

The relative

inefficiency of the trachea to MVV uptake

factors. The

respiratory epithelium of larger airways is protected by

innate barriers,

may

be due to

including the mucociliary escalator which traps then

material towards the

larynx where it

may

2000). In this study, tracheal inoculations

be coughed

were

or

a

number of

a

number of

moves

inhaled

swallowed (Zhang et al.,

efficiently transported to towards the

larynx within 45 minutes, and appeared to be trapped within

a

layer of

mucus.

Therefore, the mucociliary escalator appeared to be successful in limiting contact
between the virus inoculate and the

infection of tracheal
hour exposure

mucosa was

respiratory

observed but

was

mucosa.

In Chapter 3,

ex

relatively inefficient despite

vivo
a

2

to virus preparation of identical titre and without a functional

mucociliary escalator, suggesting
to virus. Therefore the poor

an

inherent insensitivity of tracheal cell populations

in vivo sensitivity of the trachea to maedi-visna virus may
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result from
cellular

The

a

combination of innate mucosal defence mechanisms and inefficient

uptake of virus.

possibility that

a

small proportion of inoculate deposited into the trachea during

endoscopic instillation did indeed reach the lower lung, either after
anaesthesia,
of MVY

as

or

from

recovery

during instillation, cannot be ruled out. The minimum infectious dose

determined from intra-tracheal

injection experiments is

as

little

as

10

TCID50 (Torsteinsdottir et al., 2003). The results from this chapter suggest this high

efficiency is due to lower lung

exposure to

the inoculum. This raises the possibility

that successful infection observed after tracheal exposure may
lower

lung

exposure.

than the results of this

It is also

even more

insensitive to MVV

swallowed,

as

a

proportion

indicated in this study by movement of dye towards

larynx and location of dye in the oral cavity 2 hours after tracheal deposition. The

a

directly demonstrated for MVV: 2/9 newborn lambs

single dose of bovine colostrum containing

2 months

this

be

chapter suggest.

oral route of infection has been

fed

may

likely that tracheal instillations reach the oral cavity and at least

of the instillate is
the

Therefore the trachea

actually be due to

104

TCID50 MVV sero-converted at

post-infection (Schipper et al., 1983; Alvarez et al., 2005a). However, in

study the remaining 7 lambs had failed to sero-convert by 19 months post¬

infection, suggesting this route is not highly efficient. In addition, these studies
carried out in newborn

were

animals, and it has been postulated that the permeability of the

gut of newborn lambs greatly favours intestinal transmission (Houwers, 1997).

Therefore, it is unlikely the oral route is significantly involved during the single
tracheal instillations of MVV into adult animals in this
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study.

Lower

lung instillation of cell-free MVV has been shown in this study to be highly

efficient.

The

demonstrated in

reasons

for

this

chapter 4, there

high efficiency
are

may

be two-fold. Firstly,

abundant populations of

a

as

number of potential

target cell types for maedi-visna in the lower lung. These include RTDCs, AMs, and
interstitial
in vivo

macrophages, all of which have been strongly implicated in MVV infection

(Gendelman et ah, 1985; Brodie et al., 1995b; Ryan et al., 2000; Carrozza et

ah, 2003). As fluid introduced into lung lobes has been shown in this study to come
into contact with all levels of the
of these cell types may

As

respiratory tract including the alveolar air

lentiviral

all

theoretically be exposed to virus during lung lobe instillations.

previously discussed in Chapters 3 and 4, DCs

of MVV in the ovine

space,

respiratory tract, although

as

are

likely to be involved in uptake

yet there is no direct evidence of

uptake by RTDCs. AMs have been widely implicated in maedi-visna

pathogenesis (Cordier et ah, 1990; Legastelois et ah, 1997; Zhang et ah, 2002), and
are

known to be

a

major target cell for MVV in vivo (Gendelman et ah, 1985; Brodie

et

ah, 1995b). Indeed, up to 12% of AMs have been shown to be productively infected

in

naturally occurring maedi-visna infection (Lujan et ah, 1994), and

demonstrated that broncho-alveolar cells

together with bone

marrow

a

further study

cells

were

the

major reservoirs of MVV in 42 naturally infected sheep (Brodie et ah, 1995b).
Interstitial

macrophages have been shown to harbour MVV provirus (Carrozza et ah,

2003), and depletion of pulmonary intravascular macrophages (PIMs), the most
abundant interstitial
to reduce the

macrophage in sheep lung (Warner et ah, 1986) has been shown

severity of MVV induced lung lesions in lambs suggesting

these cells in MVV

a

role for

pathogenesis and potentially virus uptake (Singh et ah, 1998).
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In addition to

other

AMs, interstitial macrophages and DCs, further studies have identified

potential viral targets within the lower lung: bronchiolar epithelium has been

shown to

harbour

MVV

provirus and protein in both naturally infected and

experimentally infected sheep (Staskus et al., 1991a; Gelmetti et ah, 2000; Carrozza et
ah, 2003), and type I and type II pneumocytes have been shown to harbour MVV

provirus in naturally infected sheep (Carrozza et ah, 2003). Therefore, it
that

a

number of cell types are present

MVV in vivo. Whether these cells

studies to date have concentrated
rather than

in the lower lung that

are

on

are

involved in initial virus

can

be

seen

capable of harbouring
uptake is unclear,

as

analysis of lungs with pre-existing MVV lesions

tracking initial virus uptake.

Secondly, pulmonary clearance of inhaled particles and pathogens in the lower lung is

primarily mediated via phagocytic uptake by AMs (Lehnert, 1992; Gordon and Read,
2002). It

can

therefore be

seen

that innate defence mechanisms of the lower lung

actually result in enhanced uptake of maedi-visna virus,
a

natural target

infection

as

may

interaction between AMs,

cell, and free virus within the lower lung is likely to result in virus

of AMs

rather

mechanisms in the lower
the intra-cellular

than

virus

inactivation.

Thus, pulmonary clearance

lung would increase rather than reduce virus uptake. Indeed,

bacteria, Legionella pneumophila has been shown to utilise AM

uptake to facilitate colonisation of the lung (Yamamoto et ah, 1994). Instillation of
MVV into

a

infection at

lung lobe and subsequent analysis of AM populations for evidence of
an

early (pre-lesional) time-point would be required to confirm initial

uptake of MVV by AMs.

The

high efficiency of infection observed for lower lung instillation of cell-free MVV

may

have wider implications regarding natural transmission. It has long been
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presumed that horizontal transmission of MVV is due to inhalation of free virus
cell-associated virus, most

or

likely MVV-infected AMs (Pepin et al., 1998; Peterhans et

ah, 2004; Blacklaws et al., 2004). However, inhaled particle size must be taken into
account

as

it is

a

crucial factor

determining the site of particle deposition within the

respiratory tract, with large particles (>10/mi diameter) being deposited in the
and throat, medium sized

nose

particles being deposited in airways, and only particles of <

5/rni diameter being deposited in the alveolar

areas

(Zhang et al., 2000; Gordon and

Read, 2002). Given that the average diameter of ovine AMs is in the region of 20/mi

(Lujan et al., 1994; Lee et al., 1996b), it
infected AMs would

gain

access to

deposited in the nasal cavity and

The nasal

cavity

appears to

upper

appears

unlikely that inhaled aerosols of

the lower lung, but would preferentially be
respiratory tract.

be relatively insensitive to free-virus infection, with

minimum infectious dose of 5

x

106 TCID50 of MVV being determined in

one

study

(Torsteinsdottir et al., 2003). This would imply that cell-associated vims is not
important route of infection, although it is possible that cell-associated vims is
infectious in the upper

The average
In

a

an

more

respiratory tract compared to cell-free vims.

diameter of MVV particles is approximately lOOnm (Lee et al., 1996b).

study of cough-generated aerosols in humans the majority of aerosolised particles

were

found to be between 0.65 and 3.3 //m

theory, coughing

may

to reach the lower

in diameter (Fennelly et al., 2004). In

result in aerosols containing free-vims particles small enough

lung. As demonstrated in this chapter, the lower lung is highly

sensitive to cell-free MVV, and inhalation of cell-free virus

lung

a

may

therefore be

a

aerosols into the lower

significant mechanism of virus transmission in the natural

situation. However, as yet, no

cell-free MVV has been conclusively demonstrated in
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the

respiratory lining fluid of MVV infected sheep, although cell-free CAEV has been

detected in the milk of infected goats
recorded

with titres

as

high

as

106 TCIDso/ml

being

(Adams et al., 1983; East et al., 1993). Identification of cell-free virus in

lung fluid would be required to support this hypothesis of virus transmission.
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5.5 CONCLUSIONS

The conclusions of this

chapter

are as

1) Intra-tracheal inoculation results in

2) Lower lung

exposure,

follows:

exposure

and not tracheal

of both trachea and lower lung.

exposure,

is the

reason

for the high

efficiency of infection observed for intra-tracheal inoculation with maedi-visna virus.

These results suggest

that the lower lung

transmission of MVV. Therefore

macrophages, and RTDCs, which
tropism for MVV,

may

a

may

play

a

major role in the respiratory

number of cell types
are

including AMs, interstitial

located in the lower lung and have

a

known

be involved in initial uptake of MVV in the respiratory tract.
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CHAPTER 6

THE ROLE OF ALVEOLAR

MACROPHAGES IN MAEDI-VISNA VIRUS

TRANSMISSION AND INFECTION
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6.1 INTRODUCTION

The main conclusion from
efficient site of MVV

Chapter 5

was

that the ovine lower lung is

a

highly

uptake in comparison to the trachea in vivo. This conclusion is

supported by results from Chapter 3 which suggested that while the trachea is
infectable
been

by MVV, virus uptake at this site is not efficient. It has also previously

demonstrated

that

uptake of MVV by the nasal

cavity is inefficient

(Torsteinsdottir et ah, 2003). These results collectively suggest
lower

a

major role for the

lung in the respiratory transmission of MVV.

Respiratory transmission is thought to be mediated by inhalation of either cell-free

or

cell-associated virus

no

(Zink and Johnson, 1994; Pepin et ah, 1998) although there is

direct evidence for this. A crucial factor in

determining where inhaled particles

are

deposited within the respiratory tract is particle size, and it is generally accepted that
only particles of <5/im
Gordon and Read,

are

capable of reaching the lower lung (Zhang et ah, 2000;

2002). Therefore if the lower lung is

during natural respiratory transmission, it would
aerosols of free-virus

appear

only been

one

primary route of infection
that

particles and not cell-associated virus

involved. Generation of cell-free virus aerosols would
virus within the

a

on

are more

require the

presence

of cell-free

report of cell-free MVV within the lung lining fluid (Dawson et ah,

lung lining fluid,
on

likely to be

respiratory lining fluid of MVV-infected sheep. To date, there has

1985). However, in this study it is unclear whether free-virus

lysed

the basis of size,

or

was

truly within the

originated from infected AM populations which subsequently

processing. If cell-free virus

was

conclusively demonstrated within the lung-

lining fluid of MVV-infected sheep, this would provide supportive evidence for lower
lung involvement in natural MVV respiratory transmission.
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The initial target

cells for cell-free MVV within the respiratory tract have not yet been

identified, although
harbour virus in

a

number of cell types within the lower lung have been shown to

naturally infected sheep. These include interstitial and alveolar

macrophages (AMs) (Lujan et ah, 1994; Brodie et al., 1995b; Gelmetti et ah, 2000;
Carrozza et al.,

2003), bronchiolar epithelial cells (Staskus et al., 1991a; Gelmetti et

al., 2000) and type I and II pneumocytes (Carrozza et al., 2003). In addition, the
results of
initial

Chapters 3 and 4 implicate respiratory tract dendritic cells (RTDCs) in

uptake of MVV. Therefore it

within the lower

can

be

seen

there

are a

number of cell types

lung that could potentially mediate initial MVV uptake.

Given their in vivo

tropism for MVV, abundant numbers and location within the

airways, AMs

prime candidate for initial MVV uptake in the respiratory tract.

are a

Previous studies of AMs have identified this cell
in

population

as a

major

source

of virus

naturally infected sheep lungs (Lujan et al., 1994; Brodie et al., 1995b). However, it

is unclear if virus infection of AMs in
virus within the

lung airspace,

or

naturally infected sheep results from uptake of

whether infection is acquired by AM

precursors,

thought to be circulating blood monocytes (Bowden and Adamson, 1980; Blusse
Oud and

van

to in vitro

van

Furth, 1982), which then migrate into the airspace. Therefore, in contrast

cultured AMs which

are

known to become

productively infected by MVV

(Lairmore et al., 1987; Lee et al., 1996b; Zhang et al., 2002), it is unclear whether
AMs within the

lung airspace

are

capable of uptake of free-virus. In addition, it is

unclear whether MVV-infected AMs

are

be transmitted from AMs within the

themselves infectious i.e. whether virus

lung airspace into the body. This has wider

implications for respiratory transmission
associated MVV, most

transmission

can

as

it has long been thought that cell-

likely the infected AM, is

a

key infectious agent in respiratory

(Pepin et al., 1998; Peterhans et al., 2004; Blacklaws et al., 2004).

223

Demonstration of infection of

required to

answer

this question.

If virus transfer does indeed
to

involve infection of the

initial sites of infection

the

occur

from MVV-infected AMs into the

draining lymph nodes, which

are

body, it is likely

thought to be important

(Blacklaws et ah, 1995a). This transfer

indirect route, or may occur
as

sheep by heterologous MVV-infected AMs would be

may

involve

an

by direct migration of infected AMs to the lymph node,

there is evidence that AMs

are

capable of migrating from the alveolar

space

into

regional lymphoid tissues (Johansson and Camner, 1980; Corry et ah, 1984;

Harmsen et

ah, 1985).

AMs have also been

implicated

as

the main cell type involved in MVV-induced lung

inflammation, primarily by dysregulation of cytokine
recruitment of

gene

expression and subsequent

inflammatory cells (Legastelois et ah, 1997; Zhang et ah, 2002). It is

possible that AMs

may

infection in vivo, as

mediate

a

similar inflammatory

response

during early MVV

suggested by the observed up-regulation of IL-8 expression by

AMs within 48 hours of in vitro infection

(Legastelois et ah, 1996).This

implications for enhancement of virus uptake,

as a

may

have

number of pro-inflammatory

cytokines have been shown to enhance MVV replication in AMs and other
macrophages in vitro (Ellis et ah, 1994; Zhang et ah, 2002), and generalised
inflammation

is

likely to result in recruitment of MVV target cells, namely

macrophages and DCs (Gendelman et al., 1985; Gendelman et ah, 1986; Narayan and
Clements, 1989; Ryan et al., 2000).

224

6.2 AIMS

The overall aim of this
MVV in the

chapter is to evaluate the role of AMs in the initial uptake of

respiratory tract. The specific aims

1) To determine whether free-MVV particles

are as

follows:

are present

naturally infected sheep, and therefore whether lower lung
to

occur

within lung lining fluid in
exposure to

virus is likely

in the natural situation.

2) To determine if alveolar macrophages

are

capable of uptake of cell-free MVV in

vivo.

3) To determine whether autologous and heterologous MVV-infected alveolar

macrophages instilled into the respiratory tract

are

4) To determine if MVV-infected macrophages

infectious.

are

capable of migration from the

lung airspace into draining lymph nodes.

5) To evaluate initial lung inflammatory

inflammatory

response,

responses,

during early MVV infection.
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including the role of AMs in

any

6.3 RESULTS

6.3.1. Demonstration

offree-MW in the lung fluid ofnaturally infected sheep

Post-mortem broncho-alveolar

lavage (BAL)

was

performed

naturally infected, MVV sero-positive adult sheep with obvious
as

described in Section 2.11.5. The BAL

the lung lobes of 3

on

samples for each sheep

MVV lesions,

gross

were

pooled and then

centrifuged to separate cellular and fluid fractions, and cytospins of the resultant cell
pellets

were

prepared. BAL supernatants

described in Section 2.11.6 to

Virus titration and

ensure

isolation

was

passed through 0.2 pM filters

were

the cell free nature of the

performed

samples.

cell-free BAL supernatants

on

as

as

described in Sections 2.2.3 and 2.2.4

respectively. In addition, immunohistochemical

staining for MVV capsid protein

was

preparations
MVV

was

as

performed

on

BAL cell cytocentrifuge

described in Section 2.7.2. The percentage of BAL cells positive for

determined for each

cytocentrifuge preparation by counting

a

total of 500

cells.

The results

are

summarised in Table 6.1. Virus

supernatant samples with titres ranging from 1.1

protein
AM

was

was

detected in all cell-free BAL

xlO2

to 1.4 x

103

TCID50. MVV

detected in 1.4-4.4% of BAL cells, with positive cells exhibiting typical

morphology (Figure 6.1.A-B). There

was no

direct correlation between the

percentage of positive BAL cells and virus titre in the BAL fluid, although the lowest
virus titre

was

associated with the lowest percentage

cultivated ovine skin cells exhibited
with

the

formation

of

large

of positive BAL cells. Co-

typical MVV cytopathic effect within 7 days,
multi-nucleated

immunohistochemistry confirmed the

presence

226

cells

(Figure

6.2.C),

and

of MVV within these multi-nucleated

cells

(Figure 6.1.D-E). Therefore it is concluded that cell-free MVV is present in the

lung lining fluid of naturally infected sheep.

Table 6.1

BAC*

immunohistochemistry for MVV and free-virus titrations of corresponding

BALF** from 3

naturally infected sheep

positive1.

Free virus titre

Sheep number

% BAC MVV

N44-05

1.8

1.4

x

103

705-01

1.4

1.1

x

102

705-02

4.4

6.2

x

102

*

1

Broncho-alveolar cells; ** Broncho-alveolar

BACs

were

counted per

*

stained for the presence

(TCID50/ml)5:

lavage fluid.

of MVV capsid protein. Five hundred cells

sheep and the percentage of cells positive for MVV recorded.

Virus titrations

were

performed

on

cell free-BALF.
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Figure 6.1

Representative images from

a

naturally infected maedi-visna virus (MVV) positive

sheep (sheep number 705-02) demonstrating the
alveolar

presence

of MVV within broncho-

lavage (BAL) cells and cell-free BAL supernatant.

(A): immunohistochemical staining of cytocentrifuged BAL cells for MVV capsid
protein. A MVV positive cell with alveolar macrophage morphology is indicated by
the

arrow.

(B): Isotype matched negative control. Bar = 20 /zm.

(C): Giernsa stain of ovine sheep skin cells (OSCs) co-cultivated with cell-free BAL
supernatant from sheep no. 705-02 at 7 days. Many multinucleated cells are present

(arrowheads). Bar = 50 /zm.

(D)-(E): Cytocentrifuged multinucleated OSCs co-cultivated with cell-free BAL
supernatant from sheep no. 705-02.

(D): Immunohistochemistry for MVV capsid

protein demonstrating positive staining throughout two multinucleated cells (arrows).

(E): Isotype matched negative control. Arrow indicates
staining. Bar

=

20 /zm.
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a

multinucleated cell free of

6.3.2.

Uptake of MVV by alveolar macrophages in vivo

To determine if alveolar

in vivo,

macrophages (AMs)

MVV strain EV1

for anti-MVV antibodies

previously determined to be free from MVV by ELISA

(Section 2.10.1) and PGR analysis of peripheral blood

mononuclear cells for MVV

The

provirus (Section 2.5.2).

experimental protocol is outlined in Figure 6.2. Briefly, the sheep

anaesthetised
cardiac

described in Section 2.11.3, and baseline BAL was

left

(LC), right cardiac (RC) and right caudo-dorsal (RCD) lung lobes

as

and RNA

was

d(T) primers

were

purified from BAL samples (Section 2.11.8),

immediately extracted and

as

reverse

transcribed using anchored oligo-

described in Sections 2.4.3 and 2.5.4.2. Seven days later, 1

TCID50 of MVV strain EV1 in

a

2ml volume

and 2mls of mock-infected medium control

2.11.11), and BALs
from

were

performed

on

x

(generated

as

sheep

described in Section 2.2.2)
were

euthanased (Section

LC, RC and RCD lung lobes. RNA

purified AM populations and

106

inoculated into the LC lung lobe,

was

inoculated into the RC lobe. After 1 week,

extracted

performed

were
on

as

described in Section 2.11.5. AMs

was

capable of uptake of cell-free MVV

inoculated into the left cardiac (LC) lung lobes of 6

was

adult Scottish Blackface ewes,

are

reverse

transcribed

was

as

previously

gag

transcripts

described.

Real-time PCR

was

and/or virus genome,

performed

MVV

cDNA samples to detect MVV

GAPDH,

as

described in Section

normalised to GAPDH

as

described in Section

and the housekeeping

2.5.5. Values for MVV PCR
2.5.4.4. Positive

on

samples

spliced transcripts

were

were

rev

and

gene

analysed further by semi-nested PCR to detect the
env

(Section 2.5.2).
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Real-time PCR results

are

shown in

detected in AMs from virus treated

Figure 6.3.A. MVV

gag sequences were

only

lung lobes, with values ranging from 1000 to

66,000 copies per pi of cDNA. AMs from baseline BALs and mock treated and
untreated

lung lobes

were

negative for MVV. GAPDH

samples, indicating that RNA extraction and
all

samples. Both

lung lobes,

as

rev

and

env

transcripts

reverse

were

was

detected in all cDNA

transcription

was

successful for

detected in AMs from virus treated

shown in Figure 6.3.B-C.

Therefore it is concluded that AMs

are

capable of initial MVV uptake in vivo, and

support MVV replication to at least the level of late gene transcription. In addition, no
dissemination of virus from LC

lung lobes to RC and RCD lobes

post-infection.
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was

observed 7 days

Figure 6.2

,

(
(

i

232

BAL

,

Virus instillation

j

Mock instillation

Figure 6.2

Diagram outlining the experimental protocol used for instillation of maedi-visna virus
into the

on

lungs of adult sheep. Baseline broncho-alveolar lavage (BAL)

left cardiac

Seven

x

106 TCID50 of MVV strain EV1 in a 2ml volume was inoculated

lung lobe, and 2mls of mock-infected medium control

the RC lobe. After 7

RC and RCD

performed

(LC), right cardiac (RC) and right caudo-dorsal (RCD) lung lobes.

days later, 1

into the LC

was

lobes,

days, sheep

now

were

referred to

as

euthanased and BAL

was

was

inoculated into

performed

on

VIRUS, MOCK and NAIVE lung lobes.
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Figure 6.3
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Figure 6.3

PCR detection of maedi-visna virus
after infection in vivo.

(MVV) in purified alveolar macrophages (AMs)

Preliminary AM samples

were

obtained from the left cardiac

(LC), right cardiac (RC), and right caudo-dorsal (RCD) lung lobes of 6 adult
blackface

sheep (numbers 301, 303, 328, 348, 413 and 450) under general

anaesthesia. Seven

days later 1

the LC lobe, and an
the RC lobe. Seven
RCD lobes
and

were

snPCR

genes

106

TCID50 of MVV strain EV1

was

instilled into

equivalent volume of mock infected medium

was

instilled into

x

days post-instillation, AMs

(referred to

as

harvested from the LC, RC and

virus treated, mock treated and naive lobes respectively)

subjected to real-time PCR for detection of MVV

was

then

performed

on

positive samples to detect

rev

gag sequences.

and

env gene

RT-

transcripts,

expressed early and late in the MVV life-cycle respectively.

(A): Real-time PCR detection of MVV
obtained from virus treated
was

were

detected in

gag sequence.

env

preliminary AM samples,

gene

was

detected in AMs

lung lobes in all sheep 7 days post-treatment. No virus
or

lung lobes. (B): RT-snPCR detection of
detection of

MVV

transcripts. Both

rev

samples from mock infected and
rev

and

gene
env

naive

transcripts; (C): RT-snPCR

transcripts

were

detected in all

samples of AMs obtained from virus treated lung lobes.

Pre

=

MVV
+

=

preliminary AM sample; Post
treated; MOCK

positive control;

-

=

=

AM sample 7 days post-treatment; VIRUS

mock treated; NAIVE

= no

template control.
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=

=

naive treated; bp = base-pair ladder;

6.3.3.

Ability of ex vivo MVV-infected AMs to transmit infection in vivo

From Sections 6.3.1 and 6.3.2 it
fluid of
the

can

be

seen

that cell-free MVV is present

naturally infected sheep and that at least

lung is taken

up

a

in the lung

proportion of MVV instilled into

by AMs and undergoes replication to at least the stage of

transcription of late viral

genes.

This presents

transmission: free-virus aerosols

a

potential mechanism of natural MVV

generated from coughing by infected sheep would

theoretically be small enough to reach the peripheral lung of sheep sharing the
airspace and

come

into contact with resident AM populations. After uptake by and

replication in AMs, the fate of virus
to

same

may

be two-fold. Firstly, virus

may

be transferred

regional lymphoid tissue and subsequently disseminated around the body.

Secondly, virus taken

up

by AMs

may

become non-infectious, with AMs effectively

clearing virus from the airways. This second possibility infers AM uptake is
incidental

finding during initial respiratory transmission, and virus gains entry to the

body from the respiratory tract via
4 suggest

an

alternative route. The results of Chapters 3 and

this alternative route involves uptake by RTDCs. Determining whether

autologous MVV-infected AMs
would

an

are

capable of infecting sheep via the respiratory tract

clarify the situation regarding the fate of MVV after AM uptake.

Cell-associated virus has

long been thought of

horizontal transmission of MVV via the

infected AMs
level of

as a

potential infectious agent in the

respiratory tract (Pepin et al., 1998), with

being prime candidate cells given their tropism for MVV and the high

productive infection in vivo (Lujan et al., 1994). However, there is

evidence that AMs

individual.

derived from

one

infected

sheep

are

direct

infectious to another

Determining whether heterologous MVV-infected AMs
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no

are

capable of

infecting sheep via the respiratory tract would provide supportive evidence for this
mode of virus transmission.

determine

To

MVV-infected

whether

infectious in vivo,

MVV-infected AMs

autologous and 2 heterologous sheep
harvested from the

1675 and

autologous and heterologous AMs

as

were

instilled into the lung lobes of 2

outlined in Figure 6.4. Briefly, AMs

right caudo-dorsal lung lobes of 2 adult Suffolk-cross

ewes

1677) by broncho-alveolar lavage (BAL) under general anaesthesia

then infected with MVV strain EV1
washed

thoroughly to

preparations. A total of 1
lobe of the

sheep

same

number of cells

were

Infected cells from

were

instilled into

processed

as

x

as

ex

vivo

106 cells

were

was

present in final cell

re-instilled into the left cardiac (LC) lung

described in Section 2.11.1.3. In addition,

an

identical

instilled into the LC lobe of 2 further Suffolk-cross

sheep 1675

were

were

(Section 2.3.3). Prior to instillation, cells

cell-free virus

ensure no

as

ewes.

instilled into sheep 1676, and cells from 1677
bled weekly and blood samples

were

described in Section 2.11.4. Peripheral blood mononuclear cells

were

analysed for the
and

were

(sheep

described in Sections 2.11.3 and 2.11.5. The resultant broncho-alveolar cells

were

are

serum was

sheep 1678. Sheep

presence

of MVV provirus using semi-nested PCR (Section 2.5.2)

analysed for the

2.10.1). All sheep

were

were

presence

of anti-MVV antibodies by ELISA (Section

negative for MVV provirus and anti-MVV antibodies prior to

instillation.

To confirm successful

infected cells

(1

x

ex

vivo infection of alveolar

104 cells)

were

in Section 2.1.3. Virus titrations

macrophages,

a

proportion of

subjected to in vivo culture for 1 week
were

performed

on

as

described

day 3 and day 7 cell culture

supernatants (Section 2.2.3) and cytocentrifuge preparations of day 7 infected cells
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subjected to immunohistochemical staining for MVV capsid protein p25

were

described in Section 2.7.2. In addition, virus titrations

were

performed

on

as

last wash

samples to confirm the absence of cell-free virus in the instilled cell preparations.

The results of virus titrations and MVV

broncho-alveolar cells

are

shown in

samples. Rising titres of virus
with final 7

day titres of 1.1

were

immunohistochemistry of in vitro cultured

Figure 6.5. No virus

was

detected in last wash

detected in the supernatants of both cell cultures,

xlO4 and

2.0

x

105 TCIDso/ml for cells harvested from

sheep 1675 and 1677 respectively (Figure 6.5.A). Virus titres in both cultures
rapidly during the first 3 days post-infection, with

most

3 to

day 7. MVV capsid protein

was

a

rose

slower rise in titre from day

detected within cells from both cultures 7 days

post-infection (Figure 6.5.B). Positive cells exhibited typical alveolar macrophage
morphology. Therefore both cell preparations

were

successfully infected by MVV in

vitro, and appeared to be free from infectious cell-free MVV.

Blood

sample results

of all

sheep at 2 weeks post-instillation. Sero-conversion occurred in sheep instilled

with

are

summarised in Table 6.2. Provirus

was

detected in the blood

autologous MVV-infected AMs by 2 and 7 weeks post-instillation. Both sheep

instilled with

heterologous MVV-infected AMs sero-converted at 3 weeks post-

instillation. There

was no

correlation between the time to sero-conversion and the

day

7 titres of in vitro cell culture supernatants.

Therefore it is concluded that both

are

autologous and heterologous MVV-infected AMs

infectious in vivo.

238

Figure 6.4

C\

Autologous
sheep

BAL
Alveolar

'

m

In vitro MW infection of
Alveolar

macrophages

Heterologous
sheep

239

macrophage

instillation

In vitro culture of infected
Alveolar macrophages

Figure 6.4

Diagram outlining the experimental protocol for generation and instillation of
and

autologous

heterologous

maedi-visna

macrophages. Broncho-alveolar lavage (BAL)
dorsal

was

(MVV)-infected

performed

on

alveolar

the right caudo-

(RCD) lung lobe of MVV-negative sheep under general anaesthesia. Broncho-

alveolar cells

hours, cells

infected in vitro with 1 TCIDso/cell of MVV strain EV1. After 2

were

were

washed to

then instilled into

instillation) and
A total of 1

MVV

virus

x

cell-free MVV. The infected cell preparation

left cardiac

(LC) lobes of the

same

was

sheep (autologous

different sheep (heterologous instillation) under general anaesthesia.

a

106

infection,

the

remove

cells

a

retained for in vitro

were

instilled into each

sheep. To confirm successful in vivo

proportion of the infected cell preparation (1

x

104 cells)

culture, and cultures analysed for evidence of MVV infection.
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was

Figure 6.5
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Figure 6.5
Virus titrations and

immunohistochemistry of broncho-alveolar cells (BACs) infected

with maedi-visna virus

(MVV) in vitro. BACs

were

lung lobes of sheep 1675 and sheep 1677. Cells
MVV strain EV1 per

cell-free virus and

titrations

were

a

cell. After 2 hours, cells

proportion of the cells

performed

on

cultured cells 7

incubated with 0.5 TCID50

washed thoroughly to

cultured in vitro for 7 days. Virus

staining for MVV capsid protein p25

days then rising

was

carried out

were

detected in

days post-infection.

(A): Virus titrations of cell culture supernatants. Rising titres of virus
the supernatants

remove

cell culture supernatants at 3 days and 7 days post¬

infection. Immunohistochemical

on

were

were

were

harvested from the left cardiac

of both cell cultures with titres rising
more

more

rapidly during the first 3

slowly from day 3 to day 7.

(B): Immunohistochemical staining of BACs for MVV capsid protein 7 days post¬
infection

demonstrating

a

positive cell (arrow) surrounded by 2 negative cells

(arrowheads), all with typical alveolar macrophage morphology. Bar = 20 /mi
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Table 6.2

Summary of weekly PCR and ELISA results for detection of MVV after lung
instillation of MVV-infected AMs

positivef

Sheep number

Instillation*

Weeks

1675

Autologous AM

2

2

1676

Heterologous AM

2

3

1677

Autologous AM

2

7

1678b

Heterologous AM

2

3

*

AMs infected with MVV

ex

vivo

were

to

PCR

Weeks

to

instilled into the left cardiac

ELISA

positivef

lung lobes of 2

autologous and 2 heterologous sheep.

f

Values

are

expressed

as

the number of weeks post-instillation for

occur.
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a

positive result to

6.3.4.

Tracking offluorescent dye labelled MVV-infected AMs after peripheral lung

deposition

It

can

be

seen

from the results of Section 6.3.3 that MVV-infected AMs

infecting sheep,

as

are

capable of

determined by development of viraemia and sero-conversion,

when delivered into either

autologous

virus is transferred from AMs in the

or

heterologous sheep lungs. This indicates that

lung airspace into the body. The mechanism of

this virus entry

from the lung airspace into the body is unclear. However, it is likely

that virus entry

involves infection of draining lymph nodes, which

an

thought to be

important initial site of infection prior to dissemination throughout the body via the

blood

(Blacklaws et al., 1995b).

There

are

the

are

three

possible mechanisms of virus transfer from MVV-infected AMs into

draining lymph node. Firstly, MVV

may

be transferred

cell to cell contact from AMs to another cell type, most

as

free virus

or

by direct

likely RTDCs, which then

migrate to the lymph node. Secondly, cell-free virus particles

may

be released from

infected AMs and travel

directly via afferent lymph to the draining lymph node.

Finally,

may

infected AMs

directly migrate into the lung interstitium and

subsequently enter the regional lymph node via the afferent lymph.

There is limited evidence that AMs

tissue from the alveolar
were

instilled into the

airspace. In

a

capable of migrating into regional lymphoid

one

study in guinea pigs, radio-labelled AMs

lung and radio-labelled cells with similar morphology

found in the tracheo-bronchial

1984). However,

are

lymph node 24 hours post-instillation (Corry et al.,

further study in rats failed to demonstrate

immuno-labelled AMs from

were

any

migration of

lung airspace into the draining lymph nodes (Havenith et

al., 1993). Most other studies to date have generally focused on instillation of either
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fluorescent

(Harmsen et al., 1985),

optically dense micro-particles (Johansson and

or

Camner, 1980; Lee et ah, 1985) into the lung and identifying these particles within

phagocytic cells in the draining lymph nodes, rather than tracking directly labelled
cells. It is unclear in these
AMs which have

particle studies whether particle-containing cells represent

phagocytosed particles within the airspace and have subsequently

migrated to the draining lymph nodes,
lung interstitium

or

if they represent phagocytic cells within the

draining lymph node which have encountered micro-particles

within the extracellular fluid

or

afferent

To determine if MVV-infected AMs

into

or

draining lymph nodes,

ex

lymph.

are

capable of migration from the lung airspace

vivo infected broncho-alveolar cells were labelled with

the fluorescent

dye PKH-26. Labelled infected cells

lobes of either

autologous

PKH-26 is
the

an

or

were

then instilled into the lung

heterologous sheep and tracked for

a

total of 8 days.

inert, non-transferable fluorescent dye which is stably incorporated into

lipid regions of the cell membranes (Horan and Slezak, 1989), and has been used

extensively to track cell migration in vivo (Parish, 1999; Bhaumik et ah, 2001;

Szilvassy et ah, 2001). The experimental protocol is outlined in Figure 6.6. Briefly,
broncho-alveolar cells

(BACs)

were

lung lobe of 2 adult Suffolk-cross

harvested from the right caudo-dorsal (RCD)
ewes

and infected with MVV strain EV1

as

labelled with

previously described in Section 6.3.3. After infection, cells

were

PKH-26

performed in teflon

(Section 2.11.9). Infection and labelling of cells

coated tissue culture

suggested that

ex

x

lobes of either

as

it has been previously

vivo cell attachment to tissue culture flasks may alter cell migratory

behaviour in vivo

containing 1

bags to prevent cell attachment,

was

(Corry et ah, 1984). Aliquots of the labelled and infected cells

106 cells

were

delivered endoscopically into the left cardiac (LC) lung

autologous (n=2)

or

heterologous sheep (n=l). To allow 2 separate
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time-points for analysis of cell migration within each sheep, the procedure
repeated 7 days later using the left caudo-dorsal (LCD) lobe
and the

right cardiac (RC) lobe

All BAC instillates
2.11.7.

Sheep

were

were

as

as

the

as

described in Section

source

of BACs,

the recipient lobe.

subjected to differential cytology

euthanased 24 hours after the second instillation

Section 2.11.11, and BAL and

was

tissue samples

were

as

described in

collected from LC (8 days post-

instillation), RC (24 hours post-instillation) and LCD (negative control) lung lobes.
To

assess

effect

on

cellular recruitment into the broncho-alveolar space,

the percentage

number of BACs

of positively labelled cells within

(expressed

as

cells

per

ml)

was

a

which would have

an

BAC population, the total

recorded and differential cytology

performed for each BAL sample. In addition, samples of tracheo-bronchial, cranial
mediastinal

and

inguinal lymph nodes

experimental sheep
determined

negative for anti-MVV antibodies and MVV provirus

as

experimental sheep (autologous (sheep 1680)), BAL and tissue samples

analysed for the

microscopy

also collected for analysis. All

by ELISA and PCR analysis of blood respectively.

For the first

were

were

were

as

presence

of fluorescently labelled cells using fluorescence

detailed in Section 2.11.10.1. For the second two sheep (autologous

(sheep W48) and heterologous (sheep 061)), BAL and lymph node samples
analysed by fluorescence activated cell sorting (FACS)

as

were

also

described in Section

2.11.10.2, allowing analysis of a larger number of cells. In addition, samples of BAL

cells, positively sorted cells and lymph nodes from the second two sheep were

subjected to snPCR detection of MVV provirus (Section 2.5.2), and BAL cells and
tissue sections

were

subjected to immunohistochemical detection of MVV capsid
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protein p25 (Section 2.7.2). To confirm the identity of positively sorted cells, CD 14
staining

also performed

was

Differential

cytocentrifuge preparations of positively sorted cells.

cytology of labelled and infected BACs revealed instillates to be between

88 and 95% alveolar

were

on

macrophages. The total numbers of cells in the BAL samples

similar for 24 hour and 8

differential

cytological examination of all BAL samples revealed

(not shown). This suggests there
alveolar compartments
fluorescence

of

was no

any

no

abnormalities

significant cell recruitment into the broncho-

lung lobe analysed, and that the percentage of

positive cells within BAC populations could be directly compared.

The results of fluorescence
shown in

days post-instillation samples (Table 6.3), and

microscopic analysis of tissue and BAL samples

Figures 6.7-6.8, and Table 6.3. Positive cells

were

are

detected in both LC (8

days post-instillation) and RC (24 hours post-instillation) but not in RCD (negative
control) BAL samples, and generally exhibited typical AM morphology with
vacuolated

was

pre-instillation cells. The percentage of positive cells in BAL samples

ranged between 0.9 and 1.7%, and values

cells

large

cytoplasm (Figure 6.7). In addition, the staining pattern of positive cells

identical to

and 8

a

were

similar for 24 hour post-instillation

day post-instillation BAL samples within individual sheep (Table 6.3). Positive
were

present in LC and RC lung tissue sections and were generally located

within the alveolar

airspaces

(Figure 6.8). No positive cells

or

within the lumen of small and large bronchioles
any

of the lymph

nodes. In addition, no differences in the number or location of positively

labelled cells

were

detected between

were seen

or

in

autologous and heterologous sheep. This suggests that the

labelled cells remained within the

and did not

in RCD lung sections,

airspace in both autologous and heterologous sheep,

migrate into the lung interstitium
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or

draining lymph nodes.

FACS

analysis of BAL samples from sheep 061 (heterologous instillation) and W48

(autologous instillation) identified similar percentages of positive cells in BAL
samples 24 hours and 8 days post-instillation, with values ranging from 0.22 to
0.54%.
in

Analysis of negative BAL populations identified 0.11 and 0.13% positive cells

sheep 061 and W48 respectively, suggesting that

cells from instilled

observed between

lung lobes

were

a

number of the positively sorted

not PKH-26 positive. No differences were

heterologous and autologous sheep. A

summary

of fluorescence

microscope analysis and FACS analysis of BAL samples from all 3 sheep is shown in
Table 6.3.
061

are

cells

Representative scatter plots and histograms from FACS analysis of sheep

shown in

were

Figure 6.10. Cytocentrifuge preparations of positively sorted BAL

60-66% and 67-80% PKFI-26

instillation

samples

respectively,

with

fluorescence. No PKH-26 labelled cells
control BAL
and

were

FACS

positive for 24 hour and 8 day postthe

were

remaining

exhibiting

identified in sorted cells from

samples. All positively sorted cells exhibited

98-99%

cells

CD14+, confirming their identity

as

a

negative

typical AM morphology

AMs (Figure 6.11).

analysis of disaggregated lymph nodes failed to identify

differences between

auto-

any

significant

draining lymph nodes (tracheo-bronchial and cranial mediastinal

lymph nodes) and inguinal lymph nodes (negative control) in both sheep W48 and
061, with the percentage of positive "events" ranging from 0.0043 to 0.029% for

sheep W48, and 0.0049 to 0.012% for sheep 061. Representative images of FACS
analysis of lymph nodes from sheep 061

are

shown in Figure 6.12. Cytocentrifuge

preparations of positively sorted "events" in all lymph node samples identified the
source

of the fluorescence

to detect any

signals

as

either autofluorescent cells

PKH-26 labelled cells.
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or

debris, and failed

Immunohistochemical
BAL

staining for MVV capsid protein

negative for unsorted

samples, lung tissue and lymph nodes in all sheep. Positively sorted alveolar

macrophages from sheep 061 and W48

The results of PCR

from

was

analysis of unsorted and sorted BAL samples, and lymph nodes

sheep W48 and 061

and unsorted BAL

also negative for MVV capsid protein.

were

are

shown in Figure 6.13. Provirus

was

detected in sorted

samples from instilled lung lobes, but not from negative control

lung lobes. Provirus

detected in the tracheo-bronchial lymph node of sheep W48

was

(autologous instillation) but not in

any

other lymph node.

These results suggest

that AMs did not migrate from the lung airspace to the draining

lymph nodes in

of the sheep by 8 days, and that virus transfer to the tracheo¬

bronchial

any

lymph node of sheep W48

migration. There did not
labelled cells between

appear to

autologous

be
or

was

independent of infected autologous AM

any

difference in the behaviour of positively

heterologous cell instillations. In addition,

detection of MVV

provirus but not viral proteins within PKH-26 positive AMs

indicated that MVV

replication within

in vivo.

Therefore it appears

ex

vivo infected AMs

was

generally restricted

that transfer of virus from MVV infected-alveolar

macrophages within the airspace to the draining lymph node
intermediate route and not

by direct AM cell migration.
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Figure 6.6

Diagram outlining the experimental protocol used for tracking of maedi-visna virus
(MVV) infected alveolar macrophages instilled into the peripheral lung of autologous
and

heterologous adult sheep. Broncho-alveolar lavage (BAL)

performed

was

right caudo-dorsal lung lobes of 2 MVV-free adult Suffolk-cross
numbers 1680 and

ewes

on

the

(sheep

W48) under general anaesthesia. Broncho-alveolar cells (BACs)

were

infected in vitro with 1 TCIDso/cell of MVV strain EV1. After 2 hours, cells

were

washed to

dye. One
cardiac
from

x

remove

106 infected

cell-free MVV and then labelled with PKH-26 fluorescent

and labelled autologous cells

(LC) lobe of sheep 1680 and W48. In addition,

sheep W48

were

instilled into the LC lobe of

(sheep number 061). After 7 days, the procedure
dorsal

were

lung lobe

lobe. After

a

as a source

were

an

was

further 1

sheep

were

analysed for the

x

106 cells derived

additional Suffolk

cross ewe

repeated using the left caudo-

of BACs, and the right cardiac lobe

further 24 hours, the

draining lymph nodes

a

re-instilled into the left

as

the recipient lung

euthanased and BACs, lung tissue, and

presence

of PKH-26 labelled cells, MVV

provirus and MVV capsid protein.

RA

=

right apical lung lobe; RC

lung lobe; LCD
broncho-alveolar

=

=

right cardiac lung lobe; RCD

left caudo-dorsal lung lobe; LC

lavage; AM

=

=

alveolar macrophage.
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=

right caudo-dorsal

left cardiac lung lobe; BAL

=

Figure 6.7

Representative images of broncho-alveolar cells (BACs) obtained from the lungs of

sheep 061 after instillation of heterologous maedi-visna virus-infected BACs labelled
with

PKH-26,

a

red fluorescent dye, into the left cardiac (LC) and right cardiac (RC)

lung lobes. Cell nuclei

are

LC lobe

a

demonstrating

counterstained with SYBR-green dye. (A): BACs from the

PKH-26 positive cell (arrow) with alveolar macrophage-like

morphology 7 days post-instillation. (B): BACs from the RC lobe demonstrating
PKH-26

a

positive cell (arrow) with alveolar macrophage-like morphology 24 hours

post-instillation. (C): BACs from the right caudo-dorsal (RCD) lung lobe. No PKH26 labelled cells

were

identified in BACs obtained from the RCD lobe. Bar
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=

20 jum.

Figure 6.8
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Figure 6.8

Representative images of the left cardiac lung lobe of sheep W48
instillation of
with

the

seven

days after

autologous maedi-visna virus-infected broncho-alveolar cells labelled

red

fluorescent

dye, PKH-26.

Cell nuclei

are

counterstained with

SYBR-green dye.

(A): A single PKH-26 positive cell (arrow) is present within the alveolar region
adjacent to
PKH-26

large bronchiole. Bar

positive cell (arrow)

membrane

alveolar

a

seen

labelling pattern and

airspace. Bar

small bronchiole. Bar

B

=

bronchiole; SM

E

=

epithelium.

=

=

=

=

a

100/an. (B): A higher powered view of the
in panel (A), demonstrating

large cytoplasm. The cell

a

same

typical punctate

appears to

be within

an

10/un. (C): A PKH-26 positive cell within the lumen of

a

10/mi.

sub-mucosal gland; A
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=

alveolar

area;

AS

=

alveolar airspace;

Table 6.3

BAC

analysis for the

instillation of MVV

Sheep

no.

presence

of PKH-26 labelled cells 24 hours and 8 days after

infected, PKH-26 labelled BACs.

BAC
Instillation

Total BAC count
(cells/ml BALF)

Fluorescence
microscope analysis*
% cells PKH-26 +ve

% cells PKH-26 +ve

24 hr

24 hr

24 hr

p.i.

8 d

p.i.

1680

autologous

1.4

x

107

1.6

x

W48

autologous

2.5

x

106

2

106

061

heterologous

1

106

BAC

=

f

1.2

x

106

= not

p.i.

p.i.

8 d

p.i.

0.91

1.16

N/D

N/D

1.18

0.95

0.40

0.38

1.22

1.71

0.22

0.54

broncho-alveolar cell; BALF = broncho-alveolar

instillation; N/D

*

x

x

107

p.i.

8 d

FACS analysis

lavage fluid; p.i.

= post-

done.

Percentage of BACs labelled with PKH-26 dye using fluorescence microscopy.

Percentage of BACs labelled with PKH-26 dye using fluorescence activated cell

sorting.
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Figure 6.10
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Figure 6.10

Representative images of fluorescence activated cell sorting (FACS) of bronchoalveolar cells

(BACs) from sheep 061 after instillation of heterologous MVV infected

and PKH-26 labelled BACs into the left cardiac

(LC) and right cardiac (RC) lung

lobes, which represented 8 days and 24 hours post-instillation samples respectively.
The PI gate was set up

around the forward and side scatter typically obtained for

AMs. The P2 gate was set at
3

x

106

further

events

were

the red fluorescence channel threshold of 130. A total of

recorded, and cells falling within the P2 gate

were

collected for

analysis. The percentage of total BACs falling within the P2 gate

calculated. BAL from the left cardiac lobe

(LCD)

was

used

as a

was

also

negative control.

(A): Dot-plot of forward scatter (FSC) and side scatter (SSC) of BACs from the LC
lobe

showing the PI gate dimensions. (B): Dot-plot of FSC

versus

red fluorescence of

BACs from the LC lobe

falling within the PI gate. Cells falling within the P2 gate

(with fluorescence >130)

were

PI gate

collected. (C): Histogram of BACs falling within the

from the LC lobe. (H): Histogram of BACs falling within the PI gate from the

RC lobe.

(I): Histogram of BACs falling within the PI gate from the LCD lobe. The

percentage of total number of cells analysed falling within P2 is shown on each

histogram. The vertical line

on

the histograms indicates the fluorescence threshold.
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(A)

(B)

v

—

_

Figure 6.11

Representative images of positively sorted broncho-alveolar cells (BACs) from the
left cardiac

lung lobe of sheep W48 7 days after instillation of autologous maedi-visna

virus-infected broncho-alveolar cells labelled with the red fluorescent

dye, PKH-26.

BACs

prepared from

were

subjected to FACS analysis and cytocentrifuge slides

positively sorted cells. Cytocentrifuge preparations
microscopy
fluorescence

or

were

were

analysed by fluorescence

subjected to immunohistochemical staining for CD14 antigen. For

analysis,

cell

nuclei

Representative fluorescence images

were

counterstained

with

captured by confocal microscopy.

were

(A): Confocal image of positively sorted cells. 60-80% of cells
PKH-26

dye (red). Cell nuclei

are

sybr-green dye.

stained

green.

were

Bar = 20 pim.

(B): CD14 staining of positively sorted cells. 98% of cells

were

antigen. Cells exhibited alveolar macrophage-like morphology. Bar
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labelled with

positive for CD14
=

20 jum.
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Figure 6.12

Representative images of fluorescence activated cell sorting (FACS) of the cranial
mediastinal

lymph node (MLN) and tracheo-bronchial lymph node (TBLN) of sheep

061 after instillation of

heterologous MVV infected and PKH-26 labelled broncho-

alveolar cells into the cranial
hours

PI gate
x

instilled 8 days and 24

were

previously into the left cardiac (LC) and right cardiac (RC) lung lobes

respectively. Lymph nodes

of 3

lung lobes. Labelled cells

were

then disaggregated and analysed by FACS using the

and red fluorescence threshold (P2) set

106

events

were

up

for positively labelled AMs. A total

recorded, and "cells" falling within the P2 gate

were

for further

analysis. The percentage of total events falling within the P2 gate

calculated.

Sorting of the inguinal lymph node (ILN)

was

used

as a

for AM sized cells. (B): Dot-plot of forward scatter

was

also

negative control.

(A): Dot-plot of forward and side scatter of MLN cells showing P1 gate
set up

collected

versus

as

previously

red fluorescence

intensity for MLN cells within the PI gate. Cells falling within the P2 gate (with
fluorescence
cells.

>130)

were

collected. (C): Dot-plot of forward and side scatter of TBLN

(D): Dot-plot of forward scatter

cells within the PI gate.

on

each

versus

red fluorescence intensity for ILN cells within the

(G): Histogram of MLN cells falling within the PI gate. (H): Histogram of

TBLN cells
PI gate.

red fluorescence intensity for TBLN

(E): Dot-plot of forward and side scatter of ILN cells. (F):

Dot-plot of forward scatter
PI gate.

versus

falling within the PI gate. (I): Histogram of ILN cells falling within the

The percentage of total number of cells analysed falling within P2 is shown
histogram. The vertical line

on

the histograms indicates the fluorescence

threshold.
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Figure 6.13

Semi-nested PCR

(snPCR) detection of maedi-visna virus (MVV) provirus in lymph

nodes and broncho-alveolar
BACs into the

were

lavage cells (BACs) after instillation of MVV-infected

right cardiac (RC) and left cardiac (LC) lung lobes of 2 sheep. BACs

harvested from the

right caudo-dorsal (RCD) lung lobe of sheep W48 under

general anaesthesia and infected
2 hours. Cells

were

the LC lobes of

ex

vivo with 1 TCID50 MVV strain EV1 per cell for

then washed and labelled with PKH-26

sheep W48 and sheep 061. The procedure

using the left caudo-dorsal lobe of sheep W48

as

of infected and labelled cells into the RC lobe of

262

the

source

dye before instilling into
was

repeated 7 days later

of BACs, and instillation

sheep W48 and 061. After

a

further

24

hours, sheep were euthanased and BACs obtained from LC, RC and RCD lobes.

BACs

were

alveolar

subjected to fluorescence activated cell sorting, and PKH-26 positive cells

macrophage-like morphology

positive cells

were

were

collected from LC and RC samples. No

detected in RCD (negative control) BACs. In addition, samples of

lymph nodes draining the cranial lung (cranial mediastinal lymph node and tracheo¬
bronchial
as

a

lymph node)

were

obtained. Inguinal lymph node

negative control. All samples

were

was

also obtained for

subjected to snPCR detection of MVV

use
gag

proviral DNA.

(A): Samples from sheep W48 after instillation of autologous MVV infected BACs.
Provirus

was

detected in the tracheo-bronchial

unsorted BACs from RC and LC lobes. No

lymph node and in both sorted and

provirus

was

detected in

any

other sample.

(B): Samples from sheep 061 after instillation of heterologous MVV infected BACs.
Provirus

was

not in any

detected in both sorted and unsorted BACs from RC and LC lobes, but

other sample.

MLN

=

ILN

inguinal lymph node; LC BAC

=

cranial mediastinal

the left cranial

lobe; LC +sort
=

lymph node; TBLN

lung lobe; RC BAC
=

=

tracheo-bronchial lymph node;

=

unsorted broncho-alveolar cells (BACs) from

=

unsorted BACs from the right cardiac lung

positively sorted BACs from the left cardiac lung lobe; RC +sort

positively sorted BACs from the right cardiac lung lobe; RCD BAC

BACs from

bp

=

right caudo-dorsal lung lobe; +

base-pair ladder.
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=

positive control;

-

=

=

unsorted

negative control,

6.3.5. Characterisation

of the lung inflammatory response during early MVV infection

The results of sections 6.3.2-6.3.4 suggest
an

that alveolar macrophages (AMs)

may

play

important role in initial MVV entry via the respiratory tract, either by direct uptake

of inhaled virus

particles by resident AMs within the lung,

or

by inhalation of infected

AMs, and subsequent virus transfer to the draining lymph nodes via an intermediate
route. AMs have

previously been implicated in the pathogenesis of MVV-induced

lymphocytic interstitial pneumonia in the lung, primarily through dysregulation of
AM

cytokine

expression

and

subsequent

infiltration

of inflammatory

cells

(Legastelois et ah, 1997; Zhang et ah, 2002). It has also been shown that the
inflammatory cytokines IL-ip and TNF-a have enhancing effects

on

pro¬

MVV

replication in AMs in vitro (Ellis et ah, 1994), and that GM-CSF enhances replication
of monocyte
that

derived macrophages in vitro (Zhang et ah, 2002). It is therefore possible

lung inflammation

may

enhance

or

facilitate MVV uptake from the lung airspace,

possibly by direct enhancement of MVV replication within infected AMs

lung macrophages by pro-inflammatory cytokines,

or

cells, namely macrophages and dendritic cells, as part
response.

uptake,

other

via recruitment of MVV target

of a generalised inflammatory

It is also possible that AMs, in addition to contributing to initial virus

may

inflammatory

further facilitate virus entry by playing
responses

To evaluate the

a

inflammatory

sheep

expression. The

were

same

key role in initiation of

in early MVV infection.

response

of AM in early MVV infection, AMs obtained

from either MVV treated, mock treated or naive treated

blackface

or

lung lobes from 6 adult

subjected to real-time PCR analysis of cytokine

gene

samples had been previously analysed in Section 6.3.2, and the

experimental protocol has been described in detail in Sections 6.3.2 and Figure 6.2.
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Briefly, baseline broncho-alveolar lavage (BAL)

was

performed

on

the left cardiac

(RC), right cardiac (RC) and right caudo-dorsal lung lobes of 6 adult MVV negative
Scottish Blackface

performed

ewes.

cytology and total BAL cell counts

were

broncho-alveolar cells (BACs) prior to purification of AMs and RNA

on

extraction. Seven

days later, the LC lobe

strain EV1 and the RC lobe
medium control. After
LC

Differential

a

was

instilled with

further week

instilled with 1

was

sheep

an

were

x

106

TCID50 MVV

equivalent volume of mock-infected
euthanased, BAL

was

performed

(virus-treated), RC (mock-treated) and RCD (naive) lobes and processed

baseline BALs. RNA

was

DNase treated and

reverse

transcribed

as

on

for

using oligo-d(T)

primers. AMs from MVV treated lung lobes had previously been shown to be infected
with MVV, whereas no virus was detected in either control

lung lobes (Section 6.3.2)

confirming compartmentalisation of virus infection within the lung. Intervals of 7
days

were

it has
BAL
et

chosen between baseline BALs, instillations and post-instillation BALs

previously been shown that iatrogenic inflammation
procedure in sheep to that used in this study takes

as a

up to

result of

an

as

identical

7 days to resolve (Collie

al., 1999).

Expression of the pro-inflammatory cytokines IL-ip, IL-6, IL-8, IL12, IL-18, TNFa
and GM-CSF,

and the anti-inflammatory cytokines IL-10 and TGF-P

by real-time PCR of AM derived cDNAs
normalised to the
statistical

housekeeping

analyses performed

In order to

use

as

gene

as

were

analysed

described in Section 2.5.4. Values

GAPDH

as

were

described in Section 2.5.4.4 and

described in Section 2.5.6.

GAPDH to normalise real-time PCR data, it was necessary to

determine whether GAPDH

expression

AMs harvested from 4 MVV-free adult

was

significantly altered by MVV infection.

sheep
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were

cultured in vitro with

or

without

MVV strain EV1

extraction and

as

described in Sections 2.1.3 and 2.3.3 for 7

days prior to RNA

quantification. A total of 3 infected and 3 non-infected cultures

were

generated from each sheep, resulting in 12 infected and 12 non-infected AM cultures.
Real-time
then

reverse

transcriptase-PCR (RT-PCR) analysis of GAPDH expression

performed for each AM culture, and the number of copies of GAPDH

input RNA

was

BAL

then

was

of

performed

as

described in Section 2.5.6.

Differential cytology and total cell counts ofpreliminary and post-instillation

samples

The results of differential

instillation BAL
cell numbers

samples

were

are

cytology and cell counts from preliminary and postshown in Table 6.4. No significant differences in BAL

observed for any

Preliminary BAL differential cytology
and

per ng

calculated for each culture. Statistical analysis between infected and

non-infected AM cultures

6.3.5.1

was

no

significant differences

were

sample, and
was

were

all within normal limits.

within normal limits for all lung lobes,

observed between lung lobes. No differences in

post-instillation BAL differential cytology were observed between lung lobes with the
exception of lymphocyte counts which

were

significantly increased (p<0.05) in BAL

samples from MVV treated lung lobes compared to BAL samples from mock-treated
and naive

lung lobes. Lymphocyte counts

from MVV treated
instillation BAL

above normal limits in BAL samples

lung lobes. Differential cell counts of other cell types in post-

samples (neutrophils, eosinophils and mast cells)

limits. Therefore there
treated

were

appeared to be

a

specific inflammatory

were

within normal

response

lung lobes characterised by lymphocyte recruitment, but not

increase in broncho-alveolar cell numbers.
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in MVVan

overall

6.3.5.2 Validation

of GAPDH

The results of the GAPDH validation

significant difference

was

significantly

as a

are

shown in Figure 6.14. No

observed in GAPDH expression between MVV-infected

and non-infected AM cultures in vitro,
alter

experiment

indicating that GAPDH expression did not

result of MVV infection. Therefore GAPDH could be used to

normalise real-time PCR data obtained for AM
infection.
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cytokine

gene

expression after MVV

cels
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Figure 6.14
Results from GAPDH validation

experiment. A total of 12 MVV-infected and 12

infected AMs cultures obtained from 4 MVV-free

transcriptase real-time PCR analysis for GAPDH
vitro culture. The number of

each culture. No

copies of GAPDH

sheep

gene

per ng

were

The

standard deviation.
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reverse-

expression after 7 days of in
input RNA

significant difference in GAPDH expression

MVV infected and non-infected AMs.

subjected to

non-

was

was

calculated for

observed between

graph represents the

mean

value ±

6.3.5.3 Real time RTPCR

analysis of AM cytokine gene expression during early MVV

infection in vivo.

The results of real-time RT-PCR

analysis of AM cytokine mRNA expression 7 days

post-treatment are shown in figure 6.15. GM-CSF expression was significantly up-

regulated in AMs obtained from MVV treated lung lobes (p<0.05) compared to AMs
from mock-treated and nai've

lung lobes 7 days post-treatment (Figure 6.15.1). A

significant increase in IL-8 expression

was

observed in AMs from both virus-treated

and mock-treated

lung lobes compared to AMs from nai've lobes (p<0.05) (Figure

6.15.C). Flowever,

no

significant difference in IL-8 expression

AMs obtained from virus-treated and mock-treated

regulation of IL-8

was a

expression of

observed between MVV-treated, mock-treated and naive
no

observed between

lobes, indicating that the up-

result of either the instillation procedure

tissue culture medium. No difference in the

were

was

any

or

in

response to

other cytokine

was

lung lobes. In addition, there

significant differences in cytokine expression in AMs obtained from

preliminary BALs from LC, RC and RCD lung lobes, indicating

no

differences in

cytokine expression between lobes prior to treatment. The results of real-time RTPCR

analysis of cytokine

gene

Appendix part II. Therefore, it
in AMs in vivo is

inflammatory

a

coefficient

response.

that up-regulation of GM-CSF
as a

are

shown in the

gene

result of

a

expression
generalised

MVV-treated AMs had previously been analysed by real-time

RNA (Section 6.3.2). However,

and MVV gag
=

appears

specific effect of MVV, rather than

RT-PCR for MVV gag
GM-CSF

expression for preliminary BAL AMs

RNA levels

was

0.486).
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no

correlation between

found (Spearman's rank correlation

An attempt was

made to quantify GM-CSF protein levels within samples of BALF

from MVV-treated,
GM-CSF ELISA
were

medium-treated and naive lung lobes using

a

quantitative

previously described in section 2.10.2. However, GM-CSF levels

below the detection threshold in all

samples.
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Figure 6.15
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Figure 6.15 continued
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Figure 6.15 continued
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Figure 6.15

Real-time
alveolar
treated

reverse

transcriptase (RT)-PCR analysis of cytokine

gene

expression in

macrophages (AMs) obtained from MVV-treated (VIRUS), mock-virus

(MOCK)

or

untreated (NAIVE) lung lobes of 6 adult blackface

ewes

(sheep

301, 303, 328, 348, 413 and 450). The left cardiac lung lobe of each sheep was treated
with 1

x

106 TCID5o MVV strain EV1 under general anaesthesia. At the

equivalent volume of mock-MVV infected tissue culture medium
the

right cardiac lobe. After 7 days, AMs

treated and

an

untreated

were

was

same

time,

an

instilled into

harvested from virus treated, mock

lung lobe and subjected to real-time RT-PCR analysis for the

cytokines IL-lp, IL-6, IL-8, IL12, IL-18, TNFa, GM-CSF, IL-10 and TGF-p. Values
were

normalised

to

the

housekeeping

gene

GAPDH.

Statistical analysis

performed using the Mann-Whitney test. Asterisk denotes significance.
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was

6.3.5.4 Evaluation

of lung tissue inflammation during early MVV infection

Analysis of broncho-alveolar cell populations in Sections 6.3.5.1-3 suggests that,
despite
MVV

increase in the expression of the pro-inflammatory cytokine GM-CSF,

an

does not appear to

infection. However,

induce

major inflammatory

a

the situation in the broncho-alveolar

the situation within the

lung tissue itself. To

of MVV-treated, mock-treated and naive

sheep used in Section 6.3.5
samples and processed

as

were

assess

response

during early

space may not

truly reflect

lung tissue inflammation, samples

lung lobes derived from the experimental

collected at the

same

time

as

post-treatment BAL

described in Sections 2.4.4 and 2.7.1. Lung tissue

was

subsequently analysed by histopathology and immunohistochemistry to evaluate
inflammatory cell populations, and by real-time PCR to determine cytokine

gene

expression and MVV load.

6.3.5.4.1.

Analysis of lung tissue histopathology during early MVV infection

Histopathological analysis of lung tissue samples from MVV-treated, mock-treated
and naive

lung lobes

was

carried out

sections of

lung lobes derived from

differences

were

lobes, and

no

a

as

described in Section 2.8. Representative

single sheep

are

shown in Figure 6.16. No

observed between virus-treated, medium treated and naive

pathological changes

were

identified in
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any

lung lobe evaluated.

lung

Figure 6.16

Representative tissue section images of (A) MVV-treated, (B) mock-treated and (C)
untreated

lung lobes from sheep 301 after staining with H&E. No histopathological

differences

were

observed between

lung lobes, b
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=

bronchiole; Bar

=

100 jum

6.3.5.4.2 Immunohistochemical

To evaluate immune cell

analysis of lung tissue during early MVV infection

populations within MVV-treated, mock-treated and naive

lung lobes, tissue sections obtained 7 days after treatment
immunohistochemical

were

subjected to

staining for the immune cell markers MHC class II (DCs,

macrophages, B cells, activated T cells), CD 14 (macrophages), CD lb (DCs), CD4
(helper T cells) and CD8 (cytotoxic T cells)
number of

as

detailed in Sections 2.7.1-2.7.2. The

positive cells within the lung parenchyma and adjacent to airways

determined for each

sample

detailed in Section 2.7.4. Statistical analysis

as

were
was

performed using the Mann-Whitney procedure.

Results
cells

shown in

are

were

seen

Figure 6.17. No significant differences in the number of positive

between tissue sections from virus-treated, mock-treated and naive

lung lobes for

any

of the immune cell markers analysed. This suggests that

generalised inflammation

was not

6.3.5.4.2. Real-time RT-PCR

present in any lung lobe.

analysis of cytokine

gene

expression in early MVV

infection

RNA

was

extracted from tissue

lung lobes
PCR

as

samples from MVV-treated, mock-treated and naive

outlined in Section 2.4.4 and subsequently subjected to real-time RT-

analysis for expression of the pro-inflammatory cytokines IL-ip, IL-6, IL-8,

IL12, IL-18, TNFa and GM-CSF, and the anti-inflammatory cytokines IL-10 and

TGF-P
gag

as

RNA

described in Section 2.5.4. In addition, real-time PCR analysis for MVV
was

performed. Real-time PCR results
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were

normalised to the

housekeeping

GAPDH. In order to determine whether GAPDH expression

was

significantly altered by lung treatments, real-time PCR analysis for GAPDH

was

gene

performed and the values obtained for each tissue sample
number of copies

of GAPDH

mock-treated and naive

per ng

lung samples

naive

expression

was

as

the

were

compared using the Mann-Whitney

are

shown in Figure 6.18. No significant

observed between MVV-treated, mock-treated and

lung tissue.

The results of real-time RT-PCR

days post-treatment

expression
for any
was

expressed

of input RNA. Values obtained for MVV-treated,

procedure. The results of GAPDH validation
difference GAPDH

were

were

are

analysis of lung tissue cytokine

gene

expression 7

shown in Figure 6.19. No significant differences in

gene

observed between MVV-treated, mock-treated and nai've lung tissue

cytokine analysed. The results of MVV load is shown in figure 6.20. Virus

only detected in the lung tissue of 3/6 sheep. There

virus load and
the results of

cytokine

cytokine

gene

gene

generalised inflammatory

expression for

any

was no

correlation between

of the cytokines analysed. Therefore

expression analysis suggest that MVV does not induce

response

a

within lung tissue during the first week post¬

infection.
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Figure 6.17

Results of immunohistochemical

analysis of immune cell populations within MVV-

treated, mock-treated and nai've lung lobes from 6 adult Scottish Blackface sheep. The
left cardiac
under

lung lobe of each sheep

general anaesthesia. At the

infected tissue culture medium

lung tissue

was

was

treated with 1

same

was

time,

an

x

106 TCID50 MVV strain EV1

equivalent volume of mock-MVV

instilled into the

right cardiac lobe. After 7 days,

analysed by single immunohistochemical staining for the immune cell

markers MHC class II, CD4, CD8, CD lb

and CD 14, and the number of positive cells

adjacent to airways and within the lung parenchyma

were

counted for virus treated

(blue), mock-treated (red) and untreated (yellow) lung samples. Graphs represent the
mean

value ± standard deviation.

(A): Cell counts adjacent to airways. No significant differences
between

marker

were

observed

MVV-treated, mock treated and untreated lung lobed for any immune cell

analysed. (B): Lung parenchymal cell counts No significant differences

observed between MVV-treated, mock treated and untreated
immune cell marker

analysed.
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lung lobed for
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Figure 6.18
Validation of the
tissue 7

no

gene

GAPDH for

use

treated with 1

106 TCID50 MVV strain EV1. At the

x

was

an

expressed

in GAPDH
the

in lung

mean

same

collected from both treated lobes and

as

time,

a

or

was

second lung lobe

equivalent volume of mock-infected medium. Seven days later,

subjected to real-time RT-PCR analysis for GAPDH

as

assays

(NAIVE). One lung lobe from 6 adult Scottish Blackface sheep

treated with

lung tissue

were

in real-time PGR

days after treatment with MVV (VIRUS), mock-infected medium (MOCK)

treatment

was

housekeeping

the number of copies

expression

were

per ng

gene
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untreated lung lobe and

expression. Values obtained

input RNA. No significant differences

observed between treatment

± standard deviation.

an

groups.

Results

are

presented

Figure 6.19
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Figure 6.19 continued
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Figure 6.19 continued

(G)

TNF-a expression 7

-

days post-infection
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-

Sheep 450

Figure 6.19

Real-time

reverse

transcriptase (RT)-PCR analysis of cytokine

gene

expression in

lung tissue obtained from MVV-treated (VIRUS), mock-virus treated (MOCK)
untreated

(NAIVE) lung lobes of 6 adult Scottish Blackface

ewes

or

(sheep 301, 303,

328, 348, 413 and 450). The left cardiac lung lobe of each sheep was treated with 1 x

106 TCID50 MVV strain EV1 under general anaesthesia. At the
equivalent volume of mock-MVV infected tissue culture medium
the

right cardiac lobe. After 7 days, lung tissue

mock-treated and
for the

untreated

was

time,

an

instilled into

harvested from virus-treated,

lung lobes and subjected to real-time RT-PCR analysis

cytokines IL-lp, IL-6, IL-8, IL12, IL-18, TNFa, GM-CSF, IL-10 and

TGF-p. Values

analysis

an

was

same

was

were

normalised to the housekeeping

performed using the Mann-Whitney test.
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Figure 6.20

Real-time

reverse

transcriptase (RT)-PCR analysis for detection of MVV gag RNA in

lung tissue obtained from MVV-treated (VIRUS), mock-virus treated (MOCK) or
untreated

(NAIVE) lung lobes of 6 adult Scottish Blackface

ewes

(sheep 301, 303,

328, 348, 413 and 450). The left cardiac lung lobe of each sheep was treated with 1

106 TCID50 MVV strain EV1 under general anaesthesia. At the
equivalent volume of mock-MVV infected tissue culture medium
the

right cardiac lobe. After 7 days, lung tissue

mock-treated and

an

untreated

was

same

was

time,

x

an

instilled into

harvested from virus-treated,

lung lobes and subjected to real-time RT-PCR analysis.
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6.4 DISCUSSION

In this

Chapter, cell-free MVV has been identified for the first time in the lung lining

fluid of MVV-infected
BAL

sheep. In addition, MVV

detected in the AMs from all

samples containing cell free virus. It is likely that the major

within the

lung fluid is the AM,

the broncho-alveolar space
cell

was

as

source

of virus

this population of cells is the most abundant within

(Lehnert, 1992), and

a

previous study of broncho-alveolar

populations obtained from MVV-infected sheep lungs has shown that MVV

positive cells

were

exclusively AMs (Lujan et al., 1994). There appeared to be

direct correlation between the percentage
titre of MVV within the BAL fluid.

of AMs positive for capsid protein and the

However, this may reflect the low number of

samples analysed. Analysis of further BAL samples from MVV-infected sheep
indeed demonstrate

primary
the

source

a

no

may

correlation, and further support the hypothesis that AMs are the

of free virus. It has been shown that MVV particles do not bud from

cytoplasmic membranes of AMs in vitro, but instead accumulate within intra-

cytoplasmic vacuoles (Lairmore et al., 1987; Lee et al., 1996b). This suggests that the
cell-free virus detected in this
broncho-alveolar space.
BALF is

a

Another possibility, however, is that free-virus within the

result of cell death and

minimise this

lysis during BAL collection and storage. To

possibility, BAL samples

and BALF filtered before

not

study originates from lysis of infected AMs within the

were

immediately processed after collection

freezing. In addition, evaluation of BAC morphology did

suggest that widespread cell lysis occurred during BAL processing.

Titres of virus found within the BALF in this

study ranged from 1.4

3

2

x

10 to 1.8

x

10"

TCID50/ml BALF. This, however, does not take into account the diluting effect of the
BAL

procedure, and therefore

are an

underestimate of the titre of virus
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per

ml lung

lining fluid. A number of techniques have been employed to calculate
for the BAL

procedure in

These

techniques utilise

at the

same

a

an attempt to

dilution factor

estimate accurately lung lining fluid volume.

number of dilutional markers that

are

assumed to be present

concentration in both the BALF and the blood. Based

measurement of the marker

a

on

this

assumption,

simultaneously within blood and BALF allows

factor to be calculated for the BALF

a

dilution

sample. Dilutional markers used include

urea

(Chinard, 1992; Begara et al., 1995b), albumin (McGorum et al., 1993), total protein
(Peterson et al., 1993), the radioactive tracer technetium perchnetate (Peterson et al.,
1990; Bayat et al., 2004) and IgA (Dargaville et al., 1999).

However, questions arise over the validity of these techniques to estimate lung lining
fluid volume, as the

concentrations of these dilution markers within lung lining fluid

have been shown to vary

between different physiological states (Chinard, 1992;

Dargaville et al., 1999). In general, the BAL procedure results in approximately
1:100 dilution of

a

lung lining fluid (McGorum et al., 1993). Assuming this dilution

factor, the titres of free-MVV detected in this study range from 1.4 x

104

to 1.8 x

105

TCID5o/ml lung lining fluid. These titres are similar in magnitude to titres of cell-free
virus detected in the milk of CAEV infected goats

102

and

If

one

fluid

were

found to be between

106 TCID5o/ml milk (East et al., 1993).

assumes

approximately 6.5
space,

which

that

x

aerosolised

10"8 pi volume,

from this study it

can

particles
are

of 5pm

diameter,

equivalent to

capable of reaching the broncho-alveolar

be calculated that each aerosolised droplet of lung lining

reaching the lower lung

may

contain

up to

0.01 TCID50 MVV. The minimum

infectious dose for MVV via the intra-tracheal route has been shown to be
10

as

low

as

TCID50 (Torsteinsdottir et al., 2003) and as demonstrated in chapter 5, this highly
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sensitive inoculation route appears to
can

be

seen

that inhalation of

as

little

result of lower lung

be

a

as

1000 aerosolised

exposure.

Therefore it

droplets generated from the

lung of an MVV-infected sheep could result in infection.

It must be noted that BAL

samples in this study

were

obtained from MVV-infected

sheep with widespread MVV-induced lymphoid interstitial pneumonia (LIP). It is
unclear at what stage

of disease cell-free virus first

appears

within the lung lining

fluid, although this is likely to coincide with presence of productive MVV infection
within AMs. In
AMs

were

further

a

previous study of 9 MVV sero-positive sheep, productively infected

only found in sheep with moderate

study of 42 sheep also found

presence

a

or severe

LIP (Lujan et ah, 1994). A

strong positive correlation between the

of virus protein within AMs and severity of LIP (Brodie et ah, 1992). This

suggests that cell-free virus may only be a feature of later stage disease, and that if
free virus is

severe

primary route of horizontal infection, the

a

LIP may

be required for transmission to

occur.

presence

of moderate to

An exception to this

may

be in

sheep with concurrent pulmonary adenomatosis infection. Cell-free MVV has been
detected in the BAL fluid of

a ewe

with

pre-existing pulmonary adenomatosis only 2

weeks after intra-tracheal inoculation of MVV
LIP is

release

(Dawson et ah, 1985), at

a

time when

unlikely to be present. Although it is unclear if cell-free virus truly represented
by infected cells within the lung in this study, if cell-free virus is indeed

produced

more

adenomatosis

rapidly within the lungs of sheep with pre-existing pulmonary

this

may

in part explain observed increased rates of horizontal

transmission of MVV in flocks with concurrent

pulmonary adenomatosis infection

(Palsson, 1976; Houwers and Terpstra, 1984; Dawson et ah, 1990).
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In this

study AMs have been shown to be capable of initial MVV uptake in the lung in

vivo, and support MVV replication to at least the level of late gene transcription. In

addition, MVV-infected AMs
indicates that AMs

are

not

are

capable of transmitting virus into the body. This

only important in the pathogenesis of MVV-lung lesions

previously determined (Legastelois et al., 1998; Zhang et al., 2002), but also
play

a

appear

as

to

role in initial transmission. The possibility that MVV-infected AM preparations

used in this

study contained small amounts of cell-free virus cannot be discounted,

although negative viral titres of the last cell wash samples indicate that if cell-free
virus

was

titration

It has

present, the instilled titre, based on the detection threshold for the virus

technique, would be < 20 TCID50.

previously been shown that the time to infection after lung instillation varies

greatly with the instilled virus dose (Torsteinsdottir et ah, 2003). Given that the
infection rates after

lung instillation of MVV-infected AMs in this study

identical to those determined for instillation of 1
is

x

were

106 TCID50 MVV in Chapter 5, it

unlikely that cell-free virus, if present, is exclusively responsible for the viraemia

and sero-conversion observed after instillation of infected AMs.

Therefore, viraemia

and sero-conversion must have been mediated either

or

completely

partially by cell-

associated MVV.

The observation that

virus from the lower
cell associated virus

lower

heterologous MVV-infected AMs

are

capable of transmitting

lung airspace into the body demonstrates for the first time that
generated from

one

sheep is capable of infecting another via the

respiratory tract. However, the significance of this observation in natural

respiratory transmission is unclear. Given that particles >10
within the nasal

cavity

or

/mi are

usually deposited

pharynx (Zhang et al., 2000; Gordon and Read, 2002; Telko
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and

Hickey, 2005), and that the

appears

average

unlikely that inhaled infected AMs would gain

would instead remain within the upper
MVV-infected AMs in the
related to the

upper

diameter of AMs is approximately 20

respiratory tract. Therefore the significance of

upper

more

possible that the

upper

respiratory tract

sensitive to AM-associated MVV than to cell free-virus, as it has been shown

CAEV, macrophage-associated virus is capable of

mediating infection of goat synovial membrane cells which
virus infection

study,

are

resistant to cell-free

(Singh et al., 1999).

no

differences in infection rates

heterologous sheep. This

may

were

observed between autologous and

reflect genetic similarities between donor and recipient

sheep and subsequent immune tolerance of instilled heterologous cells,
this
that

to be

(Torsteinsdottir et ah, 2003), suggesting that this site is not important in

vitro that for certain strains of

In this

appear

respiratory tract to cell-associated virus. The

transmission of cell-free MVV. However, it is

m

the lower lung and

respiratory transmission of MVV would

sensitivity of the

it

respiratory tract has previously been shown to be relatively insensitive to cell-

free MVV

is

access to

/mi,

study were obtained from the

same

heterologous-infected cells from

efficient

at

farm and
more

were

of the

same

as

all sheep in

breed. It is possible

distantly related sheep would be less

mediating MVV infection. Instillation of MVV-infected AMs from

different breeds would be

required to test this hypothesis.

Tracking of fluorescently labelled MVV-infected BACs after instillation into the
lower

lung identified positively labelled cells within both 24 hours and 8 days post-

instillation BAL
and Slezak,

samples. As PKH-26 dye is non-transferable between cells (Horan

1989), it

BACs resulted from

can

be assumed that the fluorescent labelling in post-instillation

pre-instillation labelling. In addition, the staining pattern of pre-
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instilled cells and

positive cells within post-instillation BACs

that labelled cells

phagocytosed

identical, indicating

indeed instilled cells and did not represent

were

fluorescently labelled cell

membranes.

recruitment into the broncho-alveolar compartment was
and 8

was

As

no

cells that have

significant cell

observed between 24 hour

day post-instillation BAL samples, the proportion of fluorescently labelled AMs

within the 2 BAL

samples could be directly compared. Therefore, given that the

proportion of fluorescently labelled AMs within BAL samples did not change
between 24 hours and 8

days post-instillation, it

can

migration of labelled cells from the broncho-alveolar

be concluded that significant
space

did not

occur over

the 8

day period analysed. This is consistent with analysis of lung tissue and draining
lymph nodes at 8 days post-instillation, which failed to detect evidence of migration
of labelled cells

through into tissue and draining lymph nodes.

The lack of cell

migration could be explained by

migration into tissues
migration does
vivo

manipulation

may

shown in the rat that

number of factors. Firstly, AM

in sheep. Secondly, it is possible that AM

may never occur

occur to some extent

a

but

may occur at a

this

found within

same

ex

inhibit the migratory behaviour of AMs, although it has been

ex

vivo

manipulated AMs do retain

AMs harvested from donor animals and instilled into the

were

later time-point. Thirdly,

some

migratory capacity:

footpads of recipient animals

draining lymph nodes within 24 hours (Havenith et al., 1993). In

study, it

was

also shown that splenic DCs but not AMs instilled into the

lung airspace of recipient rats

were

capable of migration into the draining lymph

nodes, indicating that this migration pathway is, at least for certain cell types, feasible.

Finally, AM populations within the lung

are

known to exhibit marked functional

heterogeneity (Lehnert, 1992). Indeed in the guinea pig it has been shown that AMs
obtained from the

same

BAL

sample

can

differ in their migratory capacity (Holian et
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al., 1983). It is therefore possible that certain AMs are capable of migration into

draining lymph nodes whereas others
were

derived from

However, fluorescently labelled AMs

unpurified BAC populations and therefore it

labelled AMs represent

PCR

are not.

can

be assumed that

all sub-populations of AMs present within the lung.

analysis for MVV provirus in BACs and draining lymph nodes in cell labelling

experiments confirmed MVV infection within labelled cell populations, and
demonstrated virus within the TBLN of the

instilled

autologous but not the heterologous

sheep lung 8 days post-instillation. The timing for virus to reach the draining

lymph node is comparable to

a

previous study of cell-free MVV transfer from skin to

draining lymph nodes which detected MVV infected cells within the lymph node from
4

days post-infection, with maximum numbers being

seen

between days 7 and 14

(Blacklaws et al., 1995b). Given the absence of labelled cells within this lymph node,
this suggests

that virus transport from AMs to the TBLN occurred via

route, and not

particles

may

occur

in 2 ways.

Firstly, cell-free

be released from infected AMs and travel directly via afferent

lymph to the draining lymph node. Secondly, MVV
or

intermediate

by direct cell migration of MVV infected AMs.

Transfer of virus from AMs to the TBLN could
virus

an

may

be transferred

as

free virus

by direct cell to cell contact from alveolar macrophages to another cell type, most

likely RTDCs, which then migrate to the lymph node. Of these 2 possibilities, the
second is

more

likely. Analysis of afferent lymph draining skin previously inoculated

with MVV strain EV1 demonstrated MVV

evidence of cell-free virus within
these MVV

positive cells

were

was

exclusively cell-associated, with

no

lymph plasma (Ryan et al., 2000). Furthermore,

shown to be ALDCs. In addition, the results from

Chapters 3 and 4 identified widespread DC populations within the lung, and suggest
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DC

uptake is

This is

primary mechanism for MVV uptake at the respiratory epithelium.

a

supported by studies of HIV and SIV which also implicate DCs in initial

uptake of virus at vaginal and intestinal mucosal sites (Spira et al., 1996; Hu et ah,
2000; Bhoopat et ah, 2001; Choi et al., 2003; Gurney et al., 2005).

The failure to detect MVV within the
8

days post-instillation

heterologous AMs
than

are

may

draining lymph nodes in the heterologous sheep

be due to

a

number of factors. Firstly, it is possible that

less efficient at transferring virus to the draining lymph node

autologous AMs, and therefore virus would take longer to reach the lymph node.

Differences in efficiencies may
failed to detect any

however be small

as

previous results from this chapter

difference in the time to infection between heterologous and

autologous MVV-infected AM instillations. As viraemia and sero-conversion does
occur

after instillation of

heterologous MVV-infected AMs, it

virus does indeed reach the

points

be assumed that

draining lymph nodes. Therefore, analysis at later time-

demonstrate virus within the lymph nodes after heterologous MVV-

may

infected AM instillation.
8

can

days but at

a

Secondly, virus

may

indeed have reached the lymph node by

level below the detection threshold for the PCR

determined to be 50

assay

copies of MVV. Blotting of PCR products

which has been

or use

of in situ

techniques to detect viral nucleic acids within the lymph node could be used to
increase the

sensitivity of MVV detection.

The failure to detect MVV

tracking study,

even

fluorescently labelled
these cells

demonstrate

was

capsid protein in provirus positive BACs in the cell

after enrichment by fluorescence-activated cell sorting for
ex

vivo infected AMs, indicates that MVV replication within

restricted in vivo. This is consistent with

that in

previous studies which

comparison to highly productive MVV replication within
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macrophages in vitro, MVV replication in macrophages in vivo is under
restriction, with viral protein only being detected in

a

some

form of

small percentage of infected

macrophages (Haase et ah, 1977; Narayan et ah, 1983; Gendelman et ah, 1985) The
exact

mechanism of this restriction in vivo is

state

of the

unclear, although both the activation

macrophage and lentivirus-induced interferon have been implicated

(Gendelman et ah, 1986; Zink et ah, 1987; Zink and Narayan, 1989). However, in the
absence of direct cell

migration, for virus transfer to

draining lymph node,

new

virus

protein

was

occur

from infected AMs into the

virions must have been produced. Therefore it is likely that

produced by

ex

vivo infected AMs but

was

below detectable levels.

Analysis of lung lobes 7 days after endoscopic instillation of MVV strain EV1 failed
to demonstrate

2

evidence of

a

generalised inflammatory

This is in contrast to

response.

previous reports of endoscopic instillation of MVV which identified extensive

inflammatory changes in virus-treated lung lobes after 11 days post-infection (Geballe
et

ah, 1985; Staskus et ah, 1991a). However, in these studies different strains and

higher doses of virus
could influence the

were

used, and sheep

degree of inflammatory

procedure for virus-treated lung tissue
inflammation in this

may

As BAL is

samples

The

were

performed

on

different breed, all of which

response.

It is possible that sampling

have missed

areas

of virus-induced

positive sections suggests this

the whole lung lobe, it

can

was not

the

be assumed that these

representative of the lobe in general.

up-regulation of AM IL-8

MVV

of

study, although the detection of virus in 3/6 lung sections and

absence of inflammation within these virus

case.

a

were

gene

expression in this study

was not

specific for

infection, and appeared to be a response to the instillation procedure 7 days

previously. The BAL procedure in sheep is known to result in
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an

early but short lived

influx of neutrophils
within 7

and lymphocytes into the broncho-alveolar

space

which resolves

days (Woodside et al., 1983). It is unclear what component of the BAL

procedure is responsible for these cellular changes, but it is possible that the
endoscopic procedure and fluid instillation play
chemoattractant for

a

role. As IL-8 is

a potent

neutrophils and possibly lymphocytes (Larsen et al., 1989; Rot,

1991; Zachariae et al., 1992), it is likely that IL-8 plays a significant role in the early
cellular responses
IL-8

induced by the BAL procedure. Therefore the observed increase in

expression in AMs 7 days post-instillation

regulation induced during early cellular
It is also

reflect residual IL-8

up-

endoscopy and fluid instillation.

possible that components within the tissue culture medium of virus and

mock-virus instillates

known to be induced

The

responses to

may

responsible for increased IL-8

were

by

a

gene

expression,

as

IL-8 is

wide variety of stimuli (Mukaida, 2003).

specific increase in lymphocyte populations in BALs from virus treated lung

lobes is consistent with

a

previous study which found

BALs from MVV treated

an

increase in lymphocytes in

lung lobes from 2 weeks post-inoculation (Begara et al.,

1996). However, this increase in lymphocyte numbers does not

appear to

be mediated

by IL-8. It is possible that other chemokines not analysed in this study
involved in

lymphocyte recruitment into the broncho-alveolar

lobes. The C-C chemokines
have all been shown to be

1995), and therefore

may

be

of virus treated

MCP-1, MCP-2, MCP-3, MIP-loc, MIP-lp and RANTES

capable of promoting lymphocyte chemotaxis (Roth et al.,
be up-regulated in early MVV infection. In addition,

RANTES has been shown to be

reactions in the

space

may

produced by human AMs in delayed hypersensitivity

lung (Devergne et al., 1994). Analysis of the expression of these

chemokines would be
MVV infection. It is

required to investigate their role in lymphocyte recruitment in

possible that the specific up-regulation of GM-CSF in AMs from
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virus treated

lung lobes

may

contribute to increased lymphocyte numbers. Under

steady state conditions, local T cell
resident AMs
GM-CSF is

responses

within the lung

are

down-regulated by

(Strickland et al., 1993; Thepen et al., 1994). It has been shown that

capable of abrogating this immunosuppressive activity (Bilyk and Holt,

1995). Therefore, local GM-CSF production by AMs

activity within the broncho-alveolar

space,

with

may

result in increased T cell

resultant increase in lymphocyte

a

numbers.

Up-regulation of GM-CSF in AMs from MVV-infected lung lobes in the absence of
an

observable

generalised inflammatory

response

MVV infection. The mechanism of this

indicates this is

a

specific effect of

up-regulation is unclear, although it is

possible that MVV replication within AMs has

direct effect

a

on

the GM-CSF

promoter and/or stabilises GM-CSF mRNAs. MVV has been shown to activate the
ERK/MAPK

pathway in vitro (Barber et al., 2002), and this pathway has been

implicated in the regulation of GM-CSF expression (Park and Levitt, 1993). Another

possibility is that GM-CSF up-regulation
Although
MVV

no

was

mediated via

significant increases in other cytokines

were

detected. If

observed in this study after

cytokines such

occur

as

but at too low

a

TNFa and IL-1, which

are potent

inducers of GM-CSF

were

up-regulated, this

in part explain the observed increase in GM-CSF expression. It is also possible

up-regulation of GM-CSF by AMs

may

be independent of virus infection,

has been shown that UV-inactivated MVV stimulated
CSF

pro¬

level for significant increases to be

expression (Oppenheim and Gery, 1993; Elbaz et al., 1991),

that

indirect mechanism.

infection, it is possible that small localised increases in certain

inflammatory cytokines did

may

an

a

as

it

significant increase in GM-

expression in in vitro cultured AMs (Woodall et al., 1997). Further analysis of
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GM-CSF

expression in MVV infected AMs would be required to elucidate the exact

mechanism of up-regulation.

The

up-regulation of GM-CSF expression

from the

may

have implications for MVV uptake

lung. Firstly, it has been demonstrated that GM-CSF enhances MVV

replication in monocyte-derived macrophages in vitro (Zhang et ah, 2002). The exact
mechanism

by which this

is unknown, but studies in FIIV-1 suggest that

occurs

multiple cell signalling pathways

are

involved, and that enhancement of lentiviral

replication by GM-CSF is mediated via binding of the transcription factors NF-kB
and SP-1 to the viral LTR

(Watanabe et ah, 2002). If a similar enhancement

occurs

in

pulmonary macrophages, this could result in increased virus levels within the lung,
and may

subsequently increase virus uptake.

Secondly,

as

has been previously discussed, virus uptake from the lung airspace is

likely to involve RTDCs. Under steady state conditions, AMs maintain RTDCs in

a

down-modulated state

(Holt et ah, 1993). Treatment of AMs with GM-CSF has been

shown to inhibit this

immunosuppressive activity (Bilyk and Holt, 1993; Bilyk and

Holt, 1995). In addition, GM-CSF has been shown to directly up-regulate antigen-

presenting activity of RTDCs (Armstrong et ah, 1994; Christensen et ah, 1995), and
has also been

implicated in RTDC recruitment (Tazi et ah, 1993; Wang et ah, 2000b).

Therefore, the up-regulation of GM-CSF expression in AMs
of RTDCs towards
infected AMs,

a more

activated

may

result in switching

phenotype and also recruit RTDCs towards virus-

potentially enhancing RTDC uptake of virus.

Finally, it is known that cellular interactions between DCs, CD4+ T cells and
macrophages within the draining lymph node
macrophages, which

are

are

crucial for viral transfer from DCs to

thought to be main disseminator of virus around the body
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(Eriksson et al., 1999). Increased DC antigen presentation in the lymph node could
also enhance transfer of vims to

macrophages, with subsequent enhancement of viral

dissemination.

Control of GM-CSF

protein expression is primarily exerted at the transcriptional level

(Mire-Sluis and Thorpe, 1998). Therefore, it
CSF gene
measure

can

be assumed that increases in GM-

expression reflect increases in GM-CSF protein. It

GM-CSF

was

not possible to

protein within the BALF from vims treated lung lobes, suggesting

that MVV-treated AMs did not

produced in GM-CSF in large quantities. However,

given the close anatomical proximity of AMs and RTDCs identified in Chapter 4, it is
possible that AMs only need to produce small quantities of GM-CSF to exert effects
on

local RTDC

AMs and

populations. Indeed it has been postulated that the close proximity of

RTDCs, which in the rat

can

be

as

little

integral to the immunomodulatory action of AMs
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as

on

0.2/un apart (Holt et ah, 1993), is

RTDC populations.

6.5 CONCLUSIONS

The conclusions of this

chapter

are as

follows:

1) Cell-free MVV is present in the lung lining fluid of naturally infected sheep.

2) AMs

are

capable of uptake of cell-free virus from the respiratory airways

3) Autologous and heterologous MVV-infected AMs
from the

are

capable of transferring virus

airways into the body.

4) MVV transfer from infected AMs into the body
intermediate route and not via direct AM

appears to

be mediated by

an

migration.

5) MVV infection of AMs in vivo specifically up-regulates GM-CSF expression in the
absence of a

generalised inflammatory

response.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 INTRODUCTION

As

previously detailed, the overall aim of this thesis

route of MVV transmission of which to date little is

this thesis allows

was to

investigate the respiratory

yet known. The data presented in

potential mechanisms of MVV uptake by the respiratory tract to be

proposed, and identifies the possible nature of the infectious modality involved in

respiratory transmission between sheep.

7.2. SUMMARY OF RESULTS

In this

In

thesis, the lower lung

addition, cell-free virus

free-virus aerosols
lower
that

was

was

identified

as a

highly efficient site of MVV uptake.

identified in naturally infected sheep, and therefore

produced by MVV sheep would in theory be able to reach the

lung of in contact animals. Studies of MVV infected

organ

cultures suggested

uptake of cell-free virus in the airways is mediated by sub-epithelial RTDC

populations.

As

RTDC

recruitment

was

demonstrated

in

response

inflammation, the involvement of RTDCs in initial virus uptake
apparent increased susceptibility of sheep with pre-existing lung
was

also demonstrated that free-virus within the lower

AM

populations, and that infected AMs

are

may

to

lung

explain the

disease to MVV. It

lung is taken

up

by resident

capable of transferring virus from the

airspace to the draining lymph nodes and into the body. This transfer of virus
appeared to be independent of AM migration into the lymph node, suggesting transfer
of virus is mediated via
resident AMs

was

an

intermediate route,

also shown to

possibly migrating RTDCs. Infection of

up-regulate their expression of GM-CSF, which
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may

enhance MVV

uptake either by direct stimulation of MVV replication within

pulmonary macrophages

PROPOSED

7.3.

or

by activation and recruitment of resident RTDCs.

MECHANISM

MVV

OF

UPTAKE

BY

THE

OVINE

RESPIRATORY TRACT

From the observations outlined in the

transmission

sheep

can

be

previous section,

AMs and RTDCs within the lower

from infected AMs. A

come

into contact with resident

lung. Virus is then transferred to the draining

lymph node by RTDCs directly infected with MVV,

in

mechanism of MVV

proposed: cell-free virus aerosols generated by MVV infected

inhaled by in-contact animals, where they

are

a

or

by RTDCs that acquire MVV

diagram outlining this proposed mechanism of uptake is shown

Figure 7.1.

One

assumption in this model is that MVV-infected AMs remain within the airspace

and do not

was

migrate to the draining lymph node. However, analysis of AM migration

only performed

up to

8 days post-instillation, it is therefore possible that infected

AMs do

eventually reach the draining lymph node but at

of up to

100 days has been quoted for human AMs (Bingisser et al., 1994). If ovine

AMs have

a

similar

lifespan this would

a

leave

a

a

later time-point. A lifespan

considerable length of time after 8

days for migration to take place. Analysis of MVV-infected AM migration at later

time-points would be required to investigate this further.

A further

assumption in this model is that RTDCs

are

heavily involved in the initial

uptake of MVV in the respiratory tract. However, MVV uptake by RTDCs

was not

conclusively demonstrated. A number of different approaches could be employed to

304

investigate the role of RTDCs during initial virus infection. Firstly, using the RTDC
markers identified in

Chapter 4,

a

combination of in situ PCR

or

in situ hybridisation

for viral nucleic acids and immunohistochemical

staining of RTDCs could be used to

potentially co-localise MVV to RTDCs. The

of combined immunohistochemistry

and in situ PCR has been

use

previously reported for MVV (Carrozza et al., 2003). In

addition, it may be possible to purify RTDC populations from infected lung tissue and

subsequently analyse them for

of MVV. Purification of RTDCs from lung

presence

airways and parenchyma has previously been reported in rats (Holt et al., 1988; Gong
et

al., 1992), mice (Gonzalez-Juarrero and Orme, 2001; Calder et al., 2004; Gamier,

2005) and humans (Demedts et al., 2005). It has also been demonstrated that airway
and
rat

parenchymal RTDC populations exhibit different functional characteristic in the
(Gong et al., 1992; Holt and Stumbles, 2000) and the

Given the differences in
DC

mouse

(Gamier, 2005).

expression of DC markers between airway and parenchyma

populations identified in the sheep lung in Chapter 4, it is possible that functional

differences also exist between these

therefore

populations in sheep, and these populations

may

respond differently to MVV infection. Analysis of these two populations

from MVV infected

If RTDCs

are

sheep lungs would be required to test this hypothesis.

indeed involved in MVV

uptake, this

may

have direct implications

regarding vaccine development. It has been demonstrated that mucosal vaccination of
sheep using

gene gun

MVV at the

vaginal

MVV infection

infection.
DC

administration of plasmids encoding the Env glycoproteins of

mucosa

resulted in significant protection from early productive

(Gonzalez et al., 2005),

even

though this is not

a

natural route of

Implicit within mucosal vaccination strategies is the targeting of mucosal

populations,

as

DCs

are

essential in the induction of specific immune

(McWilliam and Holt, 1998). If RTDCs

were

305

responses

found to be conclusively involved in the

natural transmission of MVV,
result in the

targeting of vaccines to these RTDC populations

generation of more protective immune

may

responses.

7.4 FUTURE WORK

In addition to work

on

RTDCs and AM

with this thesis that warrant further

heterologous MVV-infected AMs

migration, there

are a

investigation. Firstly, it

are

number of other
was

demonstrated that

capable of infecting animals if introduced

experimentally into the lower lung. This demonstrated that cell-associated virus
be

capable of mediating infection between animals. However,

6, it is unlikely that inhaled AMs would gain
situation. Instead, it is more
upper

virus

access to

as

respiratory tract. Although this

area appears

discussed in Chapter

the lower lung in the natural

to be relatively insensitive to free-

(Torsteinsdottir et ah, 2003), it is possible that the

upper

respiratory tract is

positive control challenge, and

assess

exposure as

subsequent infection rates.

Secondly, it is also possible that, in addition to

exposure

and also cell-free virus,

may

membranes. As there is evidence to suggest

this is

(Capucchio et ah, 2003), the ocular route

may

transmission of MVV. In vivo

more

progression of this work would be to

challenge sheep intra-nasally with MVV-infected AMs, using lower lung

cell-associated virus,

may

likely that infected AMs would be deposited within the

sensitive to cell-associated virus. A natural

a

areas

a

of the
gain

upper

respiratory tract,

access

to the ocular

potential site of virus uptake

be important in the horizontal

challenges of sheep with cell-associated and cell-free

virus, and subsequent analysis for MVV infection would help to evaluate this route of
infection.
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Thirdly, although cell-free virus

was

detected in the lung lining fluid of infected

sheep, the fluid analysed in this thesis
MVV-induced LIP. It is unclear what
first appear

was

obtained from lungs with widespread

degree of LIP is required for cell-free virus to

within the lung lining fluid. If cell-free MVV is the primary infectious

agent in respiratory transmission, the presence of free virus would directly correlate
with the

potential of an individual sheep to infect other animals. Analysis of the lung

lining fluid from further MVV-infected sheep with varying degrees of LIP would help
to determine what

degree of LIP is required for cell-free virus to be present, and

subsequently what degree of LIP is likely to be required for respiratory transmission.

Finally,

as

GM-CSF

expression in AMs in

regulation
appears

discussed in Chapter 6, the mechanism of the observed up-regulation of

was

response to

observed in the absence of

this up-regulation

may

be

a

a

MVV in vivo is unclear. As this
generalised inflammatory

may

in response to
this

as

up-regulation. These experiments could involve the

use

in GM-CSF

up-regulation of GM-CSF by AMs has been demonstrated

UV-inactivated MVV in vitro (Woodall et ah, 1997), it is possible that

up-regulation is mediated by viral proteins and not by active viral replication.

Therefore another

interesting experiment would be to analyse GM-CSF expression in

AMs in response to

various recombinant MVV proteins.

Although the absence of
observed
also

it

provide further insights into

of deletion mutant viruses to evaluate the role of individual MVV genes

expression. In addition,

response,

direct virus effect. Further analysis of GM-CSF

expression during in vitro infection of cultured AMs
the mechanisms of GM-CSF

up-

a

generalised inflammatory

up-regulation of GM-CSF is

a

response

direct effect of virus

possible that AM GM-CSF up-regulation in vivo
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may

would suggest that the

on

AM populations, it is

be mediated by indirect

mechanisms. One
in AMs may

potential mechanism of indirect induction of GM-CSF expression

involve signalling from MVV-specific T cell populations within the

broncho-alveolar space.

The observed up-regulation of GM-CSF in AMs in vivo 7

days post-infection coincided with the recruitment of lymphocyte populations into the
broncho-alveolar space.

However, it is unclear whether these lymphocytes

were

MVV-specific. To investigate this further, lymphocyte populations within the BAL of
lung lobes 7 days post-infection could be purified and subsequently subjected to

MVV-specific T cell proliferation and cytotoxic T cell

assays.

This would identify

MVV-specific helper and cytotoxic T cells within the broncho-alveolar
respectively. If virus-specific T cells
space,

were not present

space

within the broncho-alveolar

this would suggest that the observed up-regulation of GM-CSF in AMs

independent of a specific MVV immune

response.
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was

Figure 7.1

Diagrammatic representation of a proposed mechanism of MVV uptake by the ovine

respiratory tract. Cell-free virus aerosols generated by MVV infected sheep

are

inhaled

by in-contact animals and reach the lower lung. Virus is then transferred to

airway

or

AMs.

parenchymal RTDC populations, either by direct uptake,

Exposure of resident AM populations to MVV results in

AM GM-CSF

expression which

may

have enhancing effects

on

an

or

via infected

up-regulation of

MVV uptake, either

by direct up-regulation of virus replication within infected AMs and other pulmonary
macrophages,

or

via recruitment and activation of RTDC populations. MVV is finally

transferred to the

draining lymph nodes by direct migration of MVV-infected RTDCs.
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APPENDIX I

(A)
IL-1P pCR 2.1 TOPO clone
ILlbTOPO

GTGTTCTTCCCTTCCCTTCTGCCAGTCCTCGGGGTTATTCAGCCCACGTGGACTCCCTGC

57527828

GTGTTCTTCCCTTCCCTTCTGCCAGTCCTCGGGGTTATTCAGCCCACGTGGAC-CCCTGC 845

62

-k -k ~k -k -k k

ILlbTOPO

GTAT GGC T T T CT T T AGGGAGAGAGGGT T T C CAT T C T GAAGT CAGT TATAT C CT GGC CAC C

122

57527828

GTAT GGC T T-CTTTAGGGAGAGAGGGTTTC CATT C TGAAGT CAGT TATATOCT GGCCAC C

78 6

•k-k-k-k-k-kkrkrk

-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k'k-k'k-k-k-k'k'k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k

ILlbTOPO

T C TAAAAC GT C C CAGGAAGAC GGGC TTTTCTTC GATT T GAGAAGT GC T GAT GTAC CAGT T

182

57527828

T C TAAAAC GT C C CAGGAAGAC GGGC TTTTCTTC GAT T T GAGAAGT GC T GAT GTAC CAGT T

72 6

■k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k'k-kk-k-k'kk'kkr-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-kk-k

ILlbTOPO

AGGGTACAGGACAGAC T C AAAT T C AAC T GT GT T C T TGAT TTCTGTCTT GTAGAAGAC GAA

242

57527828

AGGGTACAGGACAGAC T C AAAT T CAAC TGTGTTCTT GAT TTCTGTCTT GTAGAAGAC GAA

666

•k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k'k-k-k-k-k-k-k-k-k-kkk

ILlbTOPO

TCGCTTTTCCATATTCCTCTTGGGGTAGACTTTGGGGTCTACTTCCTCCAGCTGCAGGGT

302

57527828

TCGCTTTTCCATATTCCTCTTGGGGTAGACTTTGGGGTCTACTTCCTCCAGCTGCAGGGT

600

ILlbTOPO

CGGT GTAT CAC C T T T T T T CACACAAGACAGGTATAGAT TCTTGTCCCT GAT AC C CAAGGC

362

57527828

CGGT GTAT CAC C T T T T T T CACACAAGACAGGTATAGAT TCTTGTCCCT GATAC C CAAGGC

54 6

•k-k'k-k-k-k-k'k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k'k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k

ILlbTOPO

CACAGGAATCTTGTTGTCTCTTTCCTCTCCTTGTACGAAGCTCATGCAGAACACCACTTC

422

57527828

CACAGGAATCTTGTTGTCTCTTTCCTCTCCTTGTACGAAGCTCATGCAGAACACCACTTC

486

ILlbTOPO

TCGGCTCATTTCCTGTGAGAGGAGGTGGAGAGCCTTCAGCACACATGGGCTATCCAGCAC

482

57527828

T C GGC T CAT T T C C T GT GAGAGGAGGT GGAGAGC C T T CAGCACACAT GGGC TAT C CAGCAC

42 6

■AT**-*:**-*'*-*:*****-*:*-*:-*::*--*:*-*-*'*'-*-*-*--*'-*:*-*:'*-*-*:*-**-*--*-*-*'-*-*-*-*:*:**-*'-*--*:-*:-*'**:*-'**-*:-*-

ILlbTOPO

CAGGGATTTTTG

494

57527828

CAGGGATTTTTG

414

■k-k-k-k-k-k-k-k-k-k-k-k

Alignment of IL-ip pCR2 1 TOPO clone with Ovis aries ILlb mRNA (GenBank
accession number 57527828).
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(B)
IL-6

pCR 2.1 TOPO clone

IL6TOPO

CCACAATCATGCGAGCCGCAGCTACTTCATCCGAATAGCTCTC AGGCTGAACTGCAGGAA 60

57164388

C CACAAT CAT GGGAGC CGCAGC TAC T T CAT C C GAATAGC T C TCAGGC T GAAC T GCAGGAA
•kkr-k-k-k-k-k-k-k-k-k

635

■k-k-k-k-k'k-k-k-k-k-k'k-k'k-k-k-k-k'k'k'k-k'k-k'k'kkr-k-k-k-k-k'k'k-k-k-k-k'k-k-k-k-k-k-k-k-k-k

IL6TOPO

ATTCTCAAGGCTTCTCAGGATGATGATAACCTTTGCGTTCTTTACCCACTCGTTTGAGGA 120

57164388

ATTCTCAAGGCTTCTCAGGATGATGATAACCTTTGCGTTCTTTACCCACTCGTTTGAGGA 575
•k'k-k'k'k-k-k'k-k-k'k'k'k-k-k-k'k'k-k-k-k-k-k'k'kif'k-k-k-k'k'k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k

IL6TOPO

CTGCATCTTCTCCAGCATGTCAGTGTGTGTGGCTGGAGTGGTTATTAGACCTGCGATCTT

180

57164388

C T GCAT CT T C T C CAGCAT GT CAGT GT GT GT GGC T GGAGT GGTTAT TAGAC C T GC GAT C T T

515

IL6TOPO

TTCCTTCAGGATCTGGATCAGTGTTCTGATACTGCTCTGCAACTCCATGACAGTTTCCTG 240

57164388

TTCCTTCAGGATCTGGATCAGTGTTCTGATACTGCTCTGCAACTCCATGACAGTTTCCTG 455
★

★■AT-*-*-*:*-*-**-*:****-*:*-*--*-:*:-*:**-*-***-*-*'-*'-*:********-*:****-*-****-*:-*::*-*:*--*:-*--*--*-*-*:

IL6TOPO

ATTTCCCTCAAACTCGTTCTGGAGGAAGTCCAGGTATATCTGATACTCCAGAAGACCAGC

300

57164388

ATTTCCCTCAAACTCGTTCTGGAGGAAGTCCAGGTATATCTGATACTCCAGAAGACCAGC

395

■A--*--*:-*--*:*-*:-*--*:****-*:**-*-*-*:-*::*:*-*:-*:*-*:*****-*:-*--*:*-*:-*:*:*:-*--*:*:*:-*:**:*--*:*-*-*-*:-*:-*:***-*--*:*

IL6TOPO

AGTGGTTTTGATCAAGCAAATCGCCTGATTGAACCCAGATTGGAAGC 347

57164388

AGTGGTTTTGATCAAGCAAATCGCGTGATTGAACCCAGATTGGA&QC 348

Alignment of IL-6 pCR2.1 TOPO clone with Ovis aries IL-6 mRNA (GenBank
accession number

57164388).
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(C)
IL-8

pCR 2.1 TOPO clone

IL8TOPO

GAAGTCCTCTGGGACAGCAGAGCTCACAAGCATCTAGAACGAGAGCCAGAAGAAACCTGA 60

571644 02

GAAGTCCTCTGGGACAGCAGAGCTCACAAGCATCTAGAACGAGAGCCAGAAGAAACCTGA 63
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

CAAAAAGCCTCTTGCTCAAGNATGACTTCCAAGCTGGCTGTTGCTCTCTTGGCCGCTTTC

120

57164402

CAAAAAGCCTCTTGTTCAAGTATGACTTCCAAGCTGGCTGTTGCTCTCTTGGCCGCTTTC

123

kkkkkkkkkkkkkk

k k k k k

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

CT GC TC T C TGCAGC T C T GT GT GAAGC T GCAGT T C T GT CAAGAAT GAGTACAGAAC T T C GA

57164402

CTGCTCTCTGCAGCTCTGTGTGAAGCTGCAGTTCTGTCAAGAATGAGTACAGAACTTCGA 183

18 0

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

TGCCAATGCATAAAAACACATTCCACACCTTTCCACCCCAAATTTATCAAAGAACTGAGA 240

57164 4 02

TGC CAAT GC ATAAAAACACAT T C CACAC C T TT C CAC C C CAAAT T TAT CAAAGAAC T GAGA

243

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

GT TATT GAGAGT GGGC CACAC T GC GAAAAT TCAGAAAT CAT T GT TAAGC T T AC CAAC GGA 300

57164402

GT TAT T GAGAGT GGGC C ACAC T GC GAAAAT T C AGAAAT CAT T GTTAAGC T T AC CAAC GGA 303
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

AAAGAGGT GT GC T TAGAC C C CAAGGAAAAGTGGGT GCAGAAGGTT GT GCAGGCAT T T T T G

360

57164402

AAAGAGGT GT GC T TAGAC CC CAAGGAAAAGTGGGT GCAGAAGGTT GT GC AGGC AT T T T T G

363

kkkkkkkkkkkkkkkkkkkkkk-i

Vkkkkkkkkkkkkkkkkkkkkkkkkkkk-f

IL8TOPO

AAGAGAGCTGAGAAGCAAGATCCATGAAAAAGAAAAAACAACCAAAAATCCTTTTTCCAT

420

57164 4 02

AAGAGAGC T GAGAAGCAAGAT C CAT GAAAAAGAAAAAAC AAC CAAAAAT CCTTTTTCCAT

423

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

IL8TOPO

TGCTTCCAA

429

57164402

TGCTTCCAA

432

Alignment of IL-8 pCR2.1 TOPO clone with Ovis aries IL-8 mRNA (GenBank
accession number

57164402).

349

(D)
IL-10

pCR 2.1 TOPO clone

ILIOTOPO

GAAAACGATGACAGCGCCGCAGCCGCAGCCGGAGGGTCTTCAGCTTCTCCCCCAGCGAGT 60

57164346

GAAAAC GATGACAGC GCC GCAGC C GCAGC C GGAGGGT C T T CAGC TTCTCCCC CAGC GAGT

60

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

ILIOTOPO

TCACGTGCTCCTTGATGTCAGGCCCATGGTTCTCAGCCTGTGGCATCACCTCCTCCAGGT 120

57164346

TCACGTGCTCCTTGATGTCAGGCCCATGGTTCTCAGCCTGTGGCATCACCTCCTCCAGGT

120

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

ILIOTOPO

AAAACTGGATCATTTCCGACAAGGCTTGGCAACCCAGGTAACCCTTAAAGTCATCCAGCA 180

57164346

AAAACTGGATCATTTCCGACAAGGCTTGGCAACCCAGGTAACCCTTAAAGTCATCCAGCA 180
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

ILIOTOPO

GAGACTGGGTCAACAGCATGCTGTTCAGTTGGTCCTTCATTTGAAAGAAAGTCTTCACTT

24 0

57164346

GAGACTGGGTCAACAGCATGCTGTTCAGTTGGTCCTTCATTTGAAAGAAAGTCTTCACTT

240

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

ILIOTOPO

TGCCGAAGGCAGCTCGGAGCTCCCGCAGCATGTGGGGCAGGCTGGCTGGGAAGTGGGTAC

57164346

TGCCGAAGGCAGCTCGGACGTCCCGCAGCATGTGGGGCAGGCTGGCTGGGAAGTGGGTAC 300

ILIOTOPO

AGCT

304

57164346

AGCT

304

Alignment of IL-10 pCR2.1 TOPO clone with Ovis aries IL-10 mRNA (GenBank
accession number

57164346).

350

300

(E)
IL-12

pCR 2.1 TOPO clone

IL12T0P0

CTGCTGCTTTTGACACTGCAATTTCAGATTAGTACTGATTGCTGTCAGCCACGAGCAGGT

60

6636341

CTGCTGCTTTTGACACTG-AATTTCAGATTAGTACTGATTGCTGTCAGCCACGAGCAGGT

421

•k-k-k-k'k'k-k-k-k-k-k-k'k'k-k-k-k-k

■k'k'k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k

IL12TOPO

GAAGTGTCCAGAATAATCCTTTGCCTCACATTTTAAAAAACTCTTAGCTTTGGGTTCTTT

120

6636341

GAAGTGTCCAGAATAATCCTTTGCCTCACATTTTAAAAAACTCTTAGCTTTGGGTTCTTT

361

IL12TOPO

CT GATC C T TTAAAATAT CAGT GGAC CAAAT T C CAT CTTCCTTTTT GT GCAGC AGGAGGAG

180

6636341

CTGATCCTTTAAAATATCAGTGGACCAAATTCCATCTTCCTTTTTGTGCAGCAGGAGGAG

301

•k-k'k'k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k'k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k'k'k-k-k-k-k-k-k-k-k-k-k-k

IL12TOPO

TGAACGACTCAGAACCTCGCCTCCTTTGTGACAGGTGTACTGCCCAGCATCTCCAAACTC

240

6636341

TGAACGACTCAGAACCTCGCCTCCTTTGTGACAGGTGTACTGCCCAGCATCTCCAAACTC

241

■k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-kkr-k-k-k-k-k-k-k'k-k'k-k-k-k-k-k-k-k-k-k-k-k-k'k

IL12TOPO

TTTGACTTGGATGGTCAAGGTTTTGCCAGAGCCCAGGACCTCACTGCTCTGGTCTGAGGT

300

6636341

TTTGACTTGGATGGTCAAGGTTTTGCCAGAGCCCAGGACCTCACTGCTCTGGTCTGAGGT

181

•k-k-k-k-k'k-k-kk-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-kk-k-k-k-k-k-k-k-k

IL12TOPO

CCAGGTGATGCCGTCTTCTTCAGGAGTGTCACACGTGAGGACCACTGTTTCTCCAGGAGC

360

6636341

CCAGGT GAT GC C GT C T T C T T CAGGAGTGT CACAC GT GAGGAC CAC TGTTTCTC CAGGAGC

121

*******-*r-*::A:*-A:-A:*-A:4r4r-Ar*4r4r4r-*-4r4r*4r-A':A:-*--A--A:-A:-A:4r-A:'*::A:**4r4r:A::A:-Ar-Ar:A;-*-*:Ar*:Ar*-A::Ar-A--jk-*-A:-A:

IL12TOPO

AT TAGGAT AC CAAT C C AAT T C TACAACATAAACAT T T T T C T C CAGT T C C CATAT GGC CAC

42 0

663634 1

AT TAGGAT AC CAAT C CAAT T CTACAACATAAACAT T T T T C T C CAGT T C C CATAT GGC CAC

61

•k-k-k-k-k-k-kk-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k'k-k-k-k-k-k-k-k-k-k-kk-k-k-k-k-k-k-k-k-k-k-k-k-k-k

IL12TOPO

GATGGGAGATGCCAGCAAAACCAGGGAAAACCAG

45 4

6636341

GATGGGAGAT GC CAGCAAAACCAGGGAAAACCAG

27

•k-k-k-k'k'k-k-k-k-k-k-k-k-k-k-k-k-kk-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k

Alignment of IL-12 pCR2.1 TOPO clone with Ovis aries IL-12 P40 subunit mRNA
(GenBank accession number 6636341).

351

(F)
IL-18

pCR 2.1 TOPO clone

IL18TOPO

TCAGATCACGTTTCCTCTCCTAGGAAGCTATTGAGCACAGGCATAAAGATGGCTGCAGAA

60

571642 90

TC AGAT CAC GTTTCCTCTCC T AGGAAGC TAT T GAGCAC AGGCATAAAGAT GGC T GCAGAA

183

■k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-kk-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k

IL18TOPO

C CAGTAGAAGACAAT T GC AT C AGC T T TGT GGAAAT GAAAT T TATT AACAATACAC TT TAT

120

57164290

C CAGTAGAAGACAAT T GCAT C AGC T T T GT GGAAAT GAAAT T TAT TAACAATAC AC TT TAT

24 3

•k-k-k-k-k-k-k'kic'k'k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k'k-k-k'k-k-k-k-k-k-k-kk-k-k-k-k-k'k-k-k'k-k-k-k-k-k-k-k

IL18TOPO

T T T GTAGC T GAAAAT GGC GA

CCT GGAATCAGATCACTT TGGCAAGCTT GAAC CTAAG

177

57164290

T T T GTAGC T GAAAATGGC GAAGAC CT GGAAT CAGAT CAC TT T GGCAAGC T T GAAC C TAAG

303

k-k-k-k-k-k-k-kkr-kk-k-k-k-k-k-k-k-k-k

■k-k-k-k-k-kk-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-kk-k-k-k-k-k

IL18TOPO

CT C T CAAT CATAC GAAAT T T GAAC GAC CAAGT TC T C T TCAT TAGC CAGGGAAAT CAAC C T

237

57164290

CTCTCAATCATACGAAATTTGAACGACCAAGTTCTCTTCATTAGCCAGGGAAATCAACCT

363

•kk-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k'k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k-k

IL18TOPO

GT C T T T GAGGATAT GC C T GATT C T GAC T GT T CAGATAAT GCAC C C CAGACCATAT T TAT C

297

571642 90

GT C T T T GAGGATAT GC C T GATT C T GAC T GT T CAGATAAT GCAC C C CAGAC CATAT T TAT C

423

IL18TOPO

ATATATAT GTATAAGGACAGC C T CAC TAGAGGT C T GGC T GTAAC CAT C

345

57164290

ATATATAT GTATAAGGACAGC C T CAC TAGAGGTC T GGC T GTAAC CAT C

471

Alignment of IL-18 pCR2.1 TOPO clone with Ovis aries IL-18 mRNA (GenBank
accession number

57164290).

352

(G)
TNFcc

pCR 2.1 TOPO clone

TNFaTOPO

TCCTTGGTGATGGTTGGTGGCCCGTTGTCCAGGCCTCACTTCCCTACATCCCTAATTTCT

60

1405

TCCTTGGTGATGGTTGGTGGCCCATTGTCCAGGCCTCACTTCCCTACATCCCTAATTTCT

1005

-kk-kkkk-k-kkk-kk-k-k-k-k-kk-k-kk-k-kk-k-k-k-k-k-k-k-k-k-k-kk

TNFaTOPO

AAGTGCAGCTGTTGTTTAAAGTTGGACGCTTGGAGCCCAGCCCTGAGCCCCTAATTCCCT

120

1405

AAGTGCAGCTGTTGTTTAAAGTTGGACGCTTGGAGCCCAGCCCTGAGCCCCTAATTCCCT

945

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

T T C TAAAC CAGAAGGGGAT GAGGAGGGT C T GAAGGAGTAAATAATAAGGTAAC T GAGGT G

180

1405

T T C TAAAC CAGAAGGGGAT GAGGAGGGT C T GAAGGAGTAAATAATAAGGTAAC T GAGGT G

825

TNFaTOPO

GGAGAGGAT GCAT GTCCTGCGCCCT CACAGGGC GAT GAT CC CAAAGTAGAC CT GC C CAGA

1405

GGAGAGGATGCATGTCCTGCGCCCTCACAGGGCGATGATCCCAAAGTAGACCTGCCCAGA 765

24 0

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

CTCGGCATAGTCCAGGTATTCCGGCAGGTTGATCTCAGCACTGAGGCGATCTCCCTTCTC

300

14 05

CTCGGCATAGTCCAGGTATTCCGGCAGGTTGATCTCAGOACTGAGGCGATCTCCCTTCTC

765

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

CAGCTGGAAGACCCCTCCCTGGTAGATGGGTTCGTACCAGGGCTTGGCCTCAGCCCCCTC

360

1405

CAGCTGGAAGACCCCTCCCTGGTAGATGGGTTCGTACCAGGGCTTGGCCTCAGCCCCCTC

705

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

TAGGGT C T CC C T GT GGCAAGGGC T C T T GAT GGCAGAGAGGAT GT T GACC TT GGT C T GGTA

42 0

14 05

TAGGGT C T C C C T GT GGCAAGGGC T C T T GAT GGCAGAGAGGAT GT T GACC TT GGT C T GGTA

64 5

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

GGAGAC T GCAAT GC GGC T GATGGT GT GGGT GAGGAACAAGGGGGT GGAANGGCAGO C GT G

48 0

14 05

GGAGAC TGCAAT GC GGC T GATGGT GT GGGT GAGGAACAAGGGGGT GGAAGGGCAGO C GT G

58 5

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TNFaTOPO

GCCCCTGAAGAGGAACTGCGAGTAGAGAGGTAAATGCCGTCAGTG 525

14 05

GCCCCTGAAGAGGACCTGCGAGTAGAGAGGTAAAGCCCGTCAGTG 5 40
kkkkkkkkkkkkkk

kkkkkkkkkk

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Alignment of TNFa pCR2.1 TOPO clone with Ovis aries TNFa mRNA (GenBank
accession number 1405).
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(H)

TGF-p pCR 2.1 TOPO clone
TGFbTOPO

GAACTGGACACCAACTACTGCTTCAGCTCCACAGAAAAGAACTGCTGTGTTCGTCAGCTC

60

57164398

GAAC T GGACAC CAAC TACTGCTTCAGCTC CAC AGAAAAGAAC TGCTGTGTTCGT CAGC T C

894

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TGFbTOPO

TACATTGACTTCCGGAAGGACCTGGGCTGGAAGTGGATTCACGAACCCAAGGGGTACCAC

120

57164398

TACAT TGAC TT C C GGAAGGAC C T GGGC T GGAAGT GGAT TCAC GAAC C CAAGGGC TACCAC

954

TGFbTOPO

GCCAATTTCTGCCTGGGGCCCTGCCCTTACATCTGGAGCCTGGACACGCAGTACAGCAAG

180

57164398

GCCAAT T TC T GC C T GGGGC CCTGTCCC TACAT C T GGAGC C T GGACACACAGTACAGCAAG

1014

k k

kkkkkkkkkkkkkkkkkkkk

kkkkkkkkkkkk

TGFbTOPO

GTCCTGGCCCTGTACAACCAGCACAACCCGGGCGCATCGGCGGCGCCGTGCTGCGTGCCT

240

57164398

GTCCTGGCCCTGTACAACCAGCACAACCCGGGCGCATCGGCGGCGCCGTGCTGCGTGCCT

1074

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TGFbTOPO

CAGGC GC T GGAAC C C C T GC C CAT C GTGTAC TAC GT GGGC C GCAAGC C CAAGGT GGAGCAG

300

57164398

CAGGC GC T GGAAC C C C T GC C CAT C GTGTAC TAC GT GGGC C GCAAGC C CAAGGT GGAGCAG

1134

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

TGFbTOPO

T TATC CAACAT GAT C GT GC GC T C C T GCAAGT GCAGC T GA

338

57164398

TTGTCCAACATGATCGTGCGCTCCTGCAAGTGCAGCTGA

1172

k k

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Alignment of TGF-(31 pCR2 1 TOPO clone with Ovis aries TGF-(31 mRNA
(GenBank accession number 57164398).
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(I)
GM-CSF

pCR 2.1 TOPO clone

GM-CSFTOPO

GCCTGCTTCACTTCTGGACTGGTTCCCAGCAGTCAAAGGGAATGATAAAAAGGAAATCCT

60

57526772

GC C T GC T T CAC T TC T GGAC T GGT T C C CAGCAGT CAAAGGGAAT GATAAAAAGGAAAT CC T

396

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GM-CSFTOPO

TCAGGTTCTCTTTGAAACTTTTGAAGGTGATAATCTGGGTTTCACAGGAAGTTTCCTGGG

120

5152 6112

TCAGGTTCTCTTTGAAACTTTTGAAGGTGATAATCTGGGTTTCACAGGAAGTTTCCTGGG

33 6

GM-CSFTOPO

TNNNNNNNCAGTGTTTCTTGTAGTGGCTGGCCATCATGGTCAAGGAGCCCGTGAGACTGG

180

5752 6772

TGGGGGGGCAGTGTTTCTTGTAGTGGCTGGCCATCATGGTCAAGGAGCCCGTGAGACTGG

27 6

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

•k

GM-CSFTOPO

TGAGGC TGC C C C GCAGGC CC T GC T T GTACAGC TC CAGGC GAGT C T GCAGGCAT GT C GGC T

24 0

5752 6772

TGAGGC TGC C C C GCAGGC CC TGC T T GTAC AGC TC CAGGC GAGT C T GCAGGCAT GT C GGC T

216

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GM-CSFTOPO

CCTGGGAGTCAAACATTTCAGAGACGACTTCTACTGTTTCATCCATCACAGCAGCAGTGT

300

5752 6772

CCTGGGAGTCAAACATTTCAGAGACGACTTCTACTGTTTCATCCATCACAGCAGCAGTGT

15 6

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GM-CSFTOPO

CAGT GC T GT C GT TCAGAAGGC T CAGGGC C T C C TT GAT GGCAT C CACAT GCT GC CAGGGC C

360

5752 6772

CAGT GC T GT C GT TCAGAAGGC T CAGGGC C T C C TT GAT GGCATC CACAT GCT GC CAGGGC C

96

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GM-CSFTOPO

GGGT GACAGGGC TGGGT T GGC GAGT GGGTGC GGAGAAGC TGCAGAC CACAGTGC C CAGGA

42 0

5752 6772

GGGT GACAGGGCTGGGTT GGCGAGTGGGTGCGGAGAAGC TGCAGACCACAGTGCC CAGGA

36

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GM-CSFTOPO

GAAGC

425

57526772

GAAGC

31

k k k k k

Alignment of GM-CSF pCR2.1 TOPO clone with Ovis aries GM-CSF
mRNA

(GenBank accession number 57526772).
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precursor

(J)
GAPDH

pCR 2.1 TOPO clone

GAPDHTOPO

AGGC AGAGAAC GGGAAGC T C GT CAT CAAT GGAAAGGC CAT CAC CAT C T T C CAGGAGC GAG

60

2 6232 65

AGGCAGAGAAC GGGAAGC TC GT CAT C AAT GGAAAGGC CAT C AC CAT C TT C CAGGAGC GAG

60

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GAPDHTOPO

AT C C TGC CAACAT CAAGT GGGGT GAT GC TGGT GC T GAGT AC GT GGT GGAGT C CAC T GGGG

120

2 6232 65

AT C C TGCCAACAT CAAGT GGGGT GAT GC T GGT GC T GAGTAC GT GGTGGAGT C CAC T GGGG

120

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GAPDHTOPO

TC T T C AC TAC CAT GGAGAAGGC TGGGGC T CAC C T GAAGGGT GGCGC CAAGAGGGT CAT CA

18 0

2623265

TCTTCACTACCATGGAGAAGGCTGGGGCTCACCTGAAGGGTGGCGCCAAGAGGGTCATCA

180

GAPDHTOPO

TCTCTGCACCTTCTGCTGACGCTCCCATGTTTGTGATGGGCGTGAACCACGAGAAGTATA 240

2623265

TCTCTGCACCTTCTGCTGACGCTCCCATGTTTGTGATGGGCGTGAACCACGAGAAGTATA 24 0
kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GAPDHTOPO

ACAATACCCTCAAGATTGTCAGCAATGCCTCCTGCACCACCAACTGCTTGGCCCCCCTGG

300

2623265

ACAATACCCTCAAGATTGTCAGCAATGCCTCCTGCACCACCAACTGCTTGGCCCCCCTGG

300

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GAPDHTOPO

CCAAGGTCATCCATGACCACTTTGGCATCGTGGAGGGACTTATGACCACTGTCCACGCCA

360

2623265

CCAAGGTCATCCATGACCACTTTGGCATCGTGGAGGGACTTATGACCACTGTCCACGCCA

360

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

GAPDHTOPO

TCACT

365

2623265

TCACT

365

Alignment of GAPDH pCR2.1 TOPO clone with Ovis aries glyceraldehyde 3phosphate dehydrogenase (GAPDH) mRNA (GenBank accession number 2623265).
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APPENDIX I

Alignment

of

cytokine

(www.ebi.ac.uk/clustalw/).

sequences

PCR

using

products

the

computer

of approximately

program

ClustalW

300-500bp

were

generated for the cytokines IL-lb, IL-6, IL-8, IL-10, IL-12, IL-18, TNFa, TGF-b and
GM-CSF, and the housekeeping gene GAPDH. The resulting PCR products
cloned into

assays.

Plasmids

sequence,
reverse

pCR 2.1-TOPO vector for
were

use as

were

standards in subsequent real-time PCR

sequenced to verify the correct nature of the insert. For each

the relevant GenBank accession number is quoted. In addition, forward and

primers

are

underlined and highlighted in yellow.
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APPENDIX II

(A)
IL-1

Sheep 301

p expression pre-infection
—■—

Sheep 303

A

Sheep 328

X

Sheep 348

X

Sheep 413
Sheep 450

(B)

IL-6

expression pre-infection

VIRUS

(C)

IL-8

MOCK

NAIVE

expression pre-infection
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Appendix II continued
(D)

IL-10 expression

pre-infection
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(F)
IL-18 expression pre-treatment
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Sheep 450

Appendix II continued
(G)

TNFa

-Sheep 301

expression pre-infection
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TGFp expression
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Sheep 328
Sheep 348
Sheep 413
Sheep 450

APPENDIX II

Real-time

reverse

transcriptase (RT)-PCR analysis of cytokine

AMs obtained from the

gene

expression in

lung lobes of 6 adult blackface sheep prior to experimental

challenge with MVV. AMs

were

harvested from the left cardiac, right cardiac and

right caudo-dorsal lung lobes 7 days before treatment with MVV (VIRUS), mockinfected medium

(MEDIUM) and

no treatment

(NAIVE) respectively. Samples

were

subjected to real-time RT-PCR analysis for the cytokines IL-ip, IL-6, IL-8, IL12, IL18, TNFa, GM-CSF, IL-10 and TGF-p. Values were normalised to the housekeeping
gene

GAPDEL Statistical analysis

was

performed using the Mann-Whitney test.
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