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Abstract

Infectious pancreatic necrosis virus (IPNV) is thetiological agent of infectious
pancreatic necrosis (IPN), a disease associatdd seiious economic loss in Atlantic
salmon §almo sala). The interaction between IPNV and the host isriyocharacterised.
IPNV has been detected within macrophages in natmch experimental infections. The
macrophage is an important component of the hostune system, participating in
innate and adaptive immune responses. The ovengraijective of this project was to
study aspects of the interaction between IPNV amthte immune responses in the
Atlantic salmon macrophage.

Methods were developed for the isolation amditro culture of Atlantic salmon
macrophages. These cells were isolated from hedwakekiusing percoll gradients and
subsequently cultured in 24 well plates using Leitzo L-15 medium containing
penicillin, streptomycin and foetal calf serum. §procedure enabled thevitro culture
of macrophages for 9 days post isolation. Real f®RiePCR assays were developed to
guantitate the expression of IPNV, Interferon (IFMX, and Elongation factor 1 (ELF-1)
in IPNV-infected macrophages and uninfected costr&lLF-1 is utilised as a control
gene for relative quantitation in RT-PCR studiebe TRT-PCR assays utilised target-
specific primers, and MGB probes. Assay efficieaciaried from 0.85 to 0.99, these
were suitable for quantitative RT-PCR analyses.

IPNV was demonstrated to replicate in macrophagésiredin vitro as assessed
by quantitative RT-PCR. IPNV levels in macrophagese greatest at the early stages of
infection. Virus was detected in infected macrogsathroughout the nine day period of

investigation. Quantitative RT-PCR analyses of ékpression of the immune response



genes IFN and Mx suggested that IPNV blocks IFNdpation, as opposed to blocking
IFN signalling.

The ability of three immunostimulants, Lipopolysharide (LPS), macrophage
activating factor (MAF), and glucan to up regulatenune responses in IPNV-infected
macrophages was also investigated. None of theseumostimulants were able to
enhance expression of IFN and Mx, suggesting tinedet substances may not represent

useful therapeutic means of mitigating IPN in Atlasalmon.
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Chapter 1: Literature review

Chapter 1 - Literaturereview

1.1 Infectious Pancreatic Necrosis Virus

Infectious pancreatic necrosis virus (IPNV) is #imlogical agent of a highly infectious
disease of wild and cultured fin fish (Hill and Wa®95). IPNV is the type species of the
genus Aquabirnavirus of the family birnaviridae (iaset al, 1979). Aquatic birnaviruses
generally have a wide host range and both clindis¢ase and carrier states have been
reported in a variety of salmonids as well as namsnid fish world-wide (Wolf, 1988;
Hill and Way, 1995). The classification of aqudiimaviruses have been divided into two
serogroups A and B based on serological analysiisafirtl Way, 1995). Nine different
serotypes have been distinguished so far in sempglg whereas serogroup B contains

only one serotype (Hill and Way, 1995; Song, 2005).

1.1.1 Structure

IPNV is an unenveloped icosahedral virus contairning segments of dsRNA (Dobos,
1995), which encode five proteins designated VPYR& (Weberet al, 2001). Genome
segment A of 3097bp, contains a large open reafllaige (ORF) encoding a 106 kDa
polyprotein which is cleaved to produce two strugkyolypeptides, pVP2 and VP3, and
one non-structural polypeptide, NS (or VP4) (Duearal, 1987). pVP2 is a precursor of
the major capsid protein VP2 (Blake al., 2001), which is further cleaved to yield VP2
during virus maturation. VP3 is thought to be aternal virion protein (Blakeet al.,

2001), whereas VP2, being the outermost proteinpwelved in attachment to cells



Chapter 1: Literature review

(Sadasiv, 1995). Genome segment A contains aniaaaitsmall open reading frame
(ORF) which overlaps the amino terminal of the pobtein ORF and is translated in a
different reading frame; this ORF encodes a 17-kbginine rich minor polypeptide
(Magyaret al., 1998) designated VP5 (Webeftr al.,2001). The smaller genome segment
B (2784 bp) is monocistronic and encodes VP1 (94)kEhe putative virion-associated
RNA-dependent RNA polymerase (Blageal.,2001). VP1 is present in the virion in two
forms, as a free polypeptide (VP1) and as a gerdorked protein (VPg). (Calvert al.,

1991).

1.2 Antigenic composition

It has been demonstrated that IPNV serotype vdredween broad geographical areas
(Melby et al., 1994). Whilst the vast majority of isolates haveei found to be
antigenically-related to the original referenceosgres (VR299, Sp and Ab) of IPNV,
(Hill and Way, 1995) found there to be a high degoé antigenic diversity amongst
isolates with some relating only relatively weakhth the three traditional serotypes. A
standardized serological classification scheme pvaposed by (Hill and Way, 1995) for
serotyping IPNV and the other aquatic birnaviruskspugh which they divided the
birnaviruses into serogroups A and B. SerogroupoBsists of a single serotype (Bl),
whilst serogroup A has been divided into nine sgre¢ A1-A9. Serological
characterization of this group of viruses is impattboth for epizootiological reasons as
well as the development of vaccines (Reno, 1998¢0Ading to (Frost and Ness, 1997), in

the northern part of Europe, aquatic birnaviruses tause clinical infectious pancreatic
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necrosis (IPN) in Atlantic salmon show a surprigyngomogeneous nature, all belonging
to the Sp serotype of serogroup A. From the Eunopmaotypes Sp is usually highly

virulent whereas Ab displays a low virulence (Daorsb988).

1.3 Clinical signsof IPNV-induced disease

In salmonid hatchery populations, a sudden andllysuagressive increase in mortalities,
particularly in faster growing individuals, is aft¢éhe first sign of an outbreak (Hill, 1982).
Mortality can be variable, ranging from negligible almost 100% in extreme cases
(Taksdal, 1999). IPN commonly results in mortatitxat is inversely proportional to the
age of the fish, being typically highest in the ggast fish and relatively rare in older fish,
in which infections are often asymptomatic (Wol888). Clinical signs typically appear
on day 3 to 5 (fry) or on day 8 to 10 (fingerlingsiter exposure to the virus. Peak
mortalities usually occur between days 12 to 18g@N®000), however Atlantic salmon
smolts can suffer from the disease shortly af@mdfer to seawater (Bowdehal, 2002).
The time course of clinical disease varies witln fegye, species, temperature and other
conditions (Wolf, 1988). Larger, faster growing yaufish, as a rule, are the first to die
from IPN (Hill, 1982, Post, 1987). Mortality deve® rapidly at about 10-14°C, is
protracted at lower temperatures, and can be redaichigher temperatures (Ahne et al.,

1989).
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1.3.1 External signs

In a fish farm which has never previously been céfid by an outbreak of IPN the
fundamental sign of the disease is the occurrehbegh mortality in young fry during the
first two months after coming onto feed (Robertd &hmepherd, 1997). Infected fish show
a gradual loss of equilibrium with a tendency tamsveon their sides or in spirals in a
corkscrew fashion (Dorson, 1988). Prior to deatth fmay become lethargic with violent
flexing of the body, suggesting abdominal distrgandan, 2002; Roberts and Shepherd
1997). IPNV-infected fish frequently exhibit an ok darkening of the body (Post, 1987
Wolf, 1988; Roberts and Shepherd, 1997) and swgelifithe ventral region (Dorson,
1988; Wolf 1988). Haemorrhages are sometimes preseventral areas, including the
ventral fins (Wolf, 1988; Ahnet al, 1989). Many victims trail long, thin, whitishastlike
excretions from the vent (Wolf, 1988). AccordingRoberts and Shepherd (1997), after
early mortalities in an outbreak showing the adisease, the picture changes to a chronic
from where the mortalities are lower and fish téieger to die. In this form, the fish
appear quite black and show severe exophthalmiay Ene very anaemic due to the

severe internal bleeding and this particularly ewidn the gills.

1.3.2 Internal signs

As suggested by its name IPNV-infection produceskath pancreatic necrosis (Dorson,
1988), however histopathological changes may atsmroin adjacent adipose tissue, in
renal hematopoietic tissue, in the gut and in ther [(Wolf, 1988). IPN virus replicates

largely within pancreatic acini and causes pykn@sid karyorrhexis with a moderate
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inflammatory infiltrate (Ahneet al, 1989; Ferguson, 1989). Microscopically, thertotsal
coagulative necrosis of the acinar and islet adilthe pancreas and of the haemopoietic
cells of the kidney (Reno, 1999). Prominent gueatis with sloughing of the mucosa has
been reported as a common characteristic (Atrag, 1989; Ferguson, 1989; Smaitlal.,
1995). Smaikt al, (1995) report that this produces a catarrhatlat@iwhich they suggest
inhibits digestion and leads to malabsorption efgit contents and the normal passage of
food through the gut. The development of a cathrelkadate is also reported by Noga,
(2000), which may help to explain why the digestivacts of infected fry are almost
always devoid of food (Wolf, 1988). Prior to 19408e disease was called acute catarrhal
enteritis because of the typical opalescent mudug pharacteristically found in the
intestine of obvious cases of the disease (Po$7)19n chronic form, affected fish are
very anaemic due to severe internal bleeding aisdigrshown especially in the gills and
liver; the swim bladder and kidney may be enlargedhe entire abdomen filled with
fluid, which produces the swollen dropsical extér@pearance (Roberts and Shepherd,

1997).

1.4 Host and geographic range

The first isolation of IPNV was made from brookutdSalvelnius fontinallsin 1957 in
the United States. This prototype isolate was degmbsvith the American Type Culture
Collection (ATCC) in 1963 and given the referenaamber VR299. For several years
thereafter all isolates which were neutralized hyiserum against the VR299 reference

virus were referred to as IPNV strains (Hill and WW&a995). For several years after it was
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first discovered, IPNV was known only from North Anita and only as a pathogen that
produced disease and mortality in trout fry, howete movement of fish and especially
eggs, in the international market is thought to dmee of the main reasons for the
dissemination of the virus worldwide (Reno, 199&)th improvements in virus detection
methods, it is apparent that IPNV is quite ubiqustgSadasiv, 1995). There are however
some countries that are reported to be free of IPiR¥se being Australia (Wolf, 1988;
Reno, 1999; Taksdal, 1999), Iceland (Reno, 199%sda, 1999), Sweden (Ariel and
Olesen, 2002; Murragt al, 2003) and New Zealand (Wolf, 1988 and Taksd289). The
most susceptible species of fish appear to be oairtbout Oncorhynchus mykigsbrook
trout, brown trout $almo truttd and Atlantic salmon (Kent and Poppe, 1988; WH38;
Moya et al., 2000). While freshwater salmonids are the grougtncommonly afflicted
with clinical IPN (Noga, 2000). IPNV has been igethfrom many non salmonid species
of fishes and shellfish (Stoskopf, 1993; Sadas®@5). In most cases, these isolates have
not been proven to be pathogenic for the host spe@toskopf, 1993; Sadasiv, 1995;
Cutrin et al., 2000), although they have been pathogenic to .trdbtus at present,
according to Noga (2000) these aquatic speciesnast clinically important in acting as
nonsusceptible viral reservoirs. Ahatal, (1989) have demonstrated one such example
of this by showing that carnivorous fish such deepEsox luciuy can become infected
with IPNV by feeding on infected food fish, andtagy develop IPNV infection cycles,

which in turn leads to carrier status.
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1.5 Vectorsof IPNV

Mcallister and Owens (1992) demonstrated that wildcivorous birds, resident in
salmonid fish hatcheries can be contaminated VAt Virus under natural conditions and
can potentially serve as mechanical vectors fordiesemination of the virus. Mortensen,
(1993) studied the passage of IPNV through a mdood chain, including uptake and
release of the virus by bivalve molluscs, furtlransmission to prawns, and from prawns
to trout. Mortensen’s findings showed that IPNV Icobe detected in the faeces of
contaminated scallops, and the virus was then #@blbe transmitted to prawns that
ingested either dead scallops, infected faeceseundnfaeces. These results suggest that
viral transmission may occur between aquatic irekeetes and fish. Smaat al, 1993(a)
have demonstrated the ability of IPN to survivecammercial fish silage for periods of
many days, especially at low temperatures. It viisdpinion of Smaikt al, 1993(b)
reported that if fish silage is not treated to thate IPNV, it could lead to the spread of
IPNV via application to pasture and permit subsatjueturn of the virus to fresh water

sources via the water cycle.

1.6 Transmission

IPN only occurs through interaction between susbkpfish and virus. Salmonid immune
defence systems are either not present or are@wer¢Sadasiv, 1995). Each cell infected
with virus can produce up to 1000 new infectioudipi@s within a few hours, depending

on the temperature and cell type (Dobos, 1995).VIRfds been shown to be able to
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transfer both vertically from parent fish to offsgy and horizontally via water (Lopez-
Lastra et al, 1994). Anderson (1982) has suggested that irdbom about the
mechanisms and patterns of pathogen transmissiom fmfected to susceptible
individuals can be used to develop methods forpitevention and control of infectious

disease outbreaks.

1.6.1 Horizontal transmission

IPN is a contagious disease (Taksdalal, 1998). IPNV shed in infected faeces will
possibly contaminate surrounding areas and ledmbizontal transmission (Wolf, 1988).
Faecal pseudocasts are considered as major sonfrd¢bs virus by Noga (2000) who
states that during epidemics, IPNV is readily traiied horizontally by contact and
ingestion of infected tissue. Studies conductedblaket al, (1998) demonstrated that
rainbow trout infected with IPNV can begin excregtivirus within two days after
infection, and infected fish that are shedding\thias can infect others in the population
within another two days. They found that it was gdole for 75% of the population to
become infected in less than a week after initiedsling of the virus began. Mcallister
and Bebak, (1997) sampled the discharge and dosamstdistribution of IPNV from three
fish hatcheries and found the virus could be detkfir at least 19.3km below the point of
effluent discharge. However based on IPNV prevaanithin the surrounding streams it
would appear that chronic low level exposure to VPN the stream water did not appear
to pose a significant risk to resident salmonid aod-salmonid fish. It was concluded that

population density is associated with transmissiod the probability of infection or an
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epizootic, and that the population density withire tsample streams was below the

threshold needed for infection.

1.6.2 Vertical transmission

IPNV persists in clinically diseased fish as wedlia asymptomatic carriers which shed
high levels of virus via infected reproductive @ai (Wolf, 1988; Lopez-Lastra, 1994;

Sadasiv, 1995). IPNV can replicate in hosts forglgreriods without causing clinical

disease, for this reason broodstock carriage haa bensidered a likely source of the
virus for the lethal infection of progeny fish ($&d/, 1995). The hardened eggs of
rainbow trout and artic charBélvelinus alpinuswere shown by (Ahne and Negele, 1985)
to provide a surface for IPNV to adhere to becaigsbe lobed and porous nature of their
surface, which is in contrast to the chorion ofef@gfore hardening. Thus, the surface of

the hardened eggs may provide anchorage for the aimd protect it from flowing water.

1.7 Entry of virusinto fish

In horizontal transmission, it is likely that theyestive tract is the prime site of infection
but the gills may also be important because theafy fingerlings are easily infected by
bath or immersion (Wolf, 1988). According to Fergng1989) the natural route for initial
infection in the commercial hatchery is likely te bia water and therefore at the qill
surface, infection may also take place via ingestd virus contaminated faeces. In
studies concerned with entry and sequential digiob of IPNV in turbot $cophthalmus

maximu$ Novoaet al, (1995) noticed that after an immersion challetige virus was



Chapter 1: Literature review

detected in skin mucus and intestine, thereforgestgng that these could be interpreted
as portals of entry. However, virus could not bsoxered from internal organs contesting
this theory and suggesting that the skin and mactisas potential barriers to infection.
Swanson and Gillespie (1982) presented the firsunh@ntation of a viremia in IPNV

infected fish, with the virus being detected intbtihe serum and the mononuclear cell
fractions of the blood. Research has been perfotmetiidy the distribution and spread of
the IPNV within infected fish (Swanson and Gillespi982). After intraperitoneal (i.p.)

infection of rainbow trout the virus replicated ckly in the pancreas and was also
detected in the kidney and livelova et al, (1995) studied the entry and sequential
distribution of an aquatic birnavirus in turbotdafound the evolution of the viral titre in

fish infected by i.p. injection showed that thered is a preferential replication site for

birnavirus, since the highest titres were obtaimetthis organ.

1.8 Carrier status

The term carrier applies to survivors of IPNV irtfen that have no disease although high
titres of virus can be isolated from their viscéReno, 1999). Whilst these fish no longer
exhibit signs of the disease, they continue to steedvirus in their faeces, urine and
reproductive fluids (Wolf, 1988; Lopez-Laste al, 1994). Many fish viral pathogens
produce a persistent carrier state in the host; elew little is known about the
mechanisms involved in viral carrier states in fesid how the viruses evade the hosts

defences (Ellis, 2001).

10
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1.8.1 Sitesof IPNV persistencewithin host

It is the opinion of Johansen and Sommer (1995) legause the kidney, which is a
haematopoietic organ in fish, is most often theaargn which tests successfully detect
IPNV carriers, this would suggest that one or miyges of leucocytes may harbour
IPNV. Swanson and Gillespie (1982) intraperitoneatiected rainbow trout with IPNV
and reported that the virus was transported by @i cells to the kidney. Johansen and
Sommer (1995) suggested that adherent salmon heaeykleucocytes have a major role
in maintaining the IPNV carrier state in Atlantialmon. IPNV was shown to persist in
salmon head kidney macrophages for 9 days afteritro infection without causing
cytopathic effect (CPE); (Collett al.,2007). There are many other reports of detectfon o
IPNV from carrier fish in leucocytes (Johansen &wmmer, 1995; Cutriet al., 2005;
Munro et al., 2004; Garciaet al, 2006), however whilst IPNV has been reportedédo
associated with leucocytes there is doubt wethewitus actually replicates in these cells
(Nova, Figueras, Secombes 1996; Muetoal., 2006). Yuet al., (1982) reported that
whilst rainbow trout leucocytes harbour IPNV, thary not contribute in large measure to
the high titres of IPNV found in haematopoieticamg, and concluded that in these organs

and at other sites, the bulk of IPNV replicationyneacur in other cell types.

1.8.2 Defectiveinterfering particles

The production of defective interfering (DI) paléis is a common consequence of virus
infection of animals, particularly by RNA viruseSgnn, 2001). Structural analyses of DI

viral genomes revealed that the majority of them @deletion mutants which originate

11
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from the genome of parental viruses (Lancasteal, 1998). According to Cann (2001),
the presence of DI particles can profoundly infleceerthe course and the outcome of a
virus infection, and may result in a persisteneation by a virus that normally causes
acute infection and is rapidly cleared from theyoddl particles may play a major role in
determining the persistence of the carrier state IRNV (Hill, 1982). Infectious
hematopoietic necrosis virus (IHNV), a rhabovirhattproduces an acute, lethal infection
in rainbow trout is similar to IPNV in that fish suving infections continue to harbour
virus at subclinical levels. Subclinical persistert virus in the tissues of IHNV survivors
was first confirmed by Droleet al, (1995), in the form of truncated IHNV particles
resembling rhabdovirus DI particles. Droéttal, (1995) suggested that these DI particles
act as mediators of virus persistence, therefooeighng a model for the maintenance of
IHNV in salmon and trout populations. Kiet al.,(1999) conducted studies to determine
if the truncated particles present in the tissuesuovivor fish could interfere with viral
replication. They were able to show that when exiptessue cultures were infected with
purified IHNV, the liver tissues from survivor figiroduced up to 10-fold less virus than
control fish liver tissues. They were also abledeamonstrate that only the supernatant
media from cultured explants of survivor fish reeeatruncated particles, whereas the
control tissue supernatants contained normal radicles. Hedrick and Fryer (1982)
compared the persistence of IPNV in carrier brgokittand persistently infected cell lines
and suggested that DI IPNV appeared to functiamamtaining persistent infection. From
the similarity between the interference obserireditro andin vivo, Hedrick and Fryer
(1982) suggested that DI virus production may alstur in carrier trout tissues. However

it is the opinion of Kimet al, (1999) that although most viruses are thougipréaluce DI

12
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particles in tissue culture cells and some of thB$eparticles have been shown to
modulate infections in animals, much of the propoisepact of these particles in natural

infections has been speculative.

1.9 IPN and post-smolt mortalities

According to Taksdagt al, (1995) a remarkable shift in the disease paténPNV has
occurred. In recent years, this disease has beswciatked with mortality in Atlantic
salmon post-smolts about 8 weeks after seawatesfaa(Smailet al, 1992; Jarget al,
1992; Labuset al, 2001; Bowdenet al, 2002). Post-smolt mortality is especially
prevalent in Norway and the Shetland Islands (Boweteal, 2002). Post-smolt mortality
has caused great losses in recent years in Nomvéiglafarms (Jargt al, 1995; Eggset
et al, 1997). In 1991, post-smolt mortality was at ghhof 17% compared to normal
mortalities of 3-5% of the previous years. Snaibl, (1992) were the first to show that
IPNV of the Sp serotype was associated with maytali post-smolts in Scotland. There
have also been reports of smolt losses in the Halaeds (Smaikt al, 1992). It has been
suggested environmental and management factors aoalyibute to these mortalities

(Smailet al, 1992; Jaret al, 1995).

1.10 Influence of environmental stressorson the occurrence of | PN

According to Jarget al, (1996) it is likely that the IPNV is carried withe smolt to the

sea site; however the causal mechanisms triggesutgreaks of IPN after seawater

13
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transfer are not known. Jagt al, (1995) demonstrated that an increased risk Nf il
associated with the age and location of seawaties 81 Norway, with the risk of disease
being significantly higher in new sites comparedhwolder sites. It was suggested that
IPNV might be transmitted to smolts, after beinggaduced to sea ongrowing sites, by a
marine vector (Smailet al, 1992). However, Jarget al, (1995) performed an
epidemiological survey of IPN in post-smolts in Way and demonstrated that clinical
disease was associated with the combination oftsmal the same seawater site from
more than two hatcheries. Poor seawater adaptattioseawater transfer has been
suggested to cause reduced resistance and espeniaikased susceptibility to IPN
(Taksdal, 1999); however, studies by Jatml, (1996) showed no relationship between
the hypo-osmoregulatory capacity of Atlantic salmand the risk of clinical IPN after
seawater transfer. According to Christie (1997nical IPN in Atlantic salmon occurs
only under conditions of virus exposure, accompaniyy additional stress factors
including rise in temperature and or co-infectiavith other viruses. Jarpt al, (1995)
suggested that the stress that the smolts arecsedbje through transportation to seawater
sites may result in an increased susceptibilityini@ction, which may explain high
mortality in the first months after seawater transAccording to Smaigt al, (1995), it is
likely that disease is precipitated by a combinmated environmental and behavioural

factors, especially strong competition for foodjragin competition with viral infection.
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1.11 Effect of IPNV on global aquaculture

Disease outbreaks remain a considerable obstacleqgtaculture production and
development (Ariel and Olesen, 2002). Viral diseasause very significant losses in
aquaculture (Ellis, 2001), with IPNV being conselrto be one of the most important
diseases of farmed salmonids (Sadasiv, 1995). #itlaalmon is economically the most
important fish species farmed in Norway (Havarsteinal, 1990). IPN causes large
economic losses in Norwegian fish farming (Bierargl Bergh, 1996). It is believed that
more than 50% of the farmed Atlantic salmon in Nayvare IPNV carriers (Havarsteat
al., 1990). In Norway, the incidence of clinical IPMNAtlantic salmon farms was 39% in
1991, and it had increased to 61% in 1995. The koga from IPN in Atlantic salmon set
to sea in Norwegian fish farms in 1995 was estith&tebe 5%, giving economic losses
about 60 million USD yearly (Christie, 1997). Smail al, (1992) report an increased
association of IPNV serotype Sp with cage sitesthedailure of post-smolts to thrive in
Scotland. Murrayet al, (2003), used data from an official monitoringgram to study
the emergence of IPNV in Scottish fish farms fro®#®@ to 2001. Their results showed an
10% annual increase of IPNV in saltwater, a 2-3%uahincrease in freshwater sites with
a much faster annual increase of 6.5% in Shetliredbwater sites. Murragt al., (2003)
concluded that given IPNV prevalence of approxityal®% per year, effective control
would have to be re-established very soon befdpeébomes ubiquitous in most areas, as
for example in Shetland were the high IPNV levditsod out for both freshwater and

seawater sites.
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1.12 Control of IPN

1.12.1 Chemotherapy

No truly effective chemotherapeutics are availablethe treatment of IPN (Stoskopf,
1993). Savan and Dobos (1980), used virazole &t tFRNV experimentally challenged
rainbow trout, and found that treatment had onglight positive effect. They suggested
that repeated daily exposure of the fry to the agta rather than the single exposure
would have produced more promising results. HoweSavan and Dobos (1980) stressed
that in a hatchery situation, the cost involvedépeated exposure to virazole would be
economically prohibitive, and as a result most hetg owners would be reluctant to
initiate any antiviral treatment until existencetbé viral disease became apparent. Jashes
et al, (1996) used a plaque evaluation assay to asgesup of compounds that had a
broad spectrum antiviral activity for both singésd double- stranded RNA viruses. From
their tests 5-ethynyl-B-D-ribofuranosylimidazole-4-carboxamide (EICAR) ardt
hydroxy-3f$-D-ribofuranosylpyrazole-5-carboxamide  (pyrazofyirinboth  achieved
inhibition of IPNV at concentrations that were 5001times lower than the concentration
required to inhibit DNA synthesis in growing celoya et al, (2000) developed these
findings to test then vivo antiviral effect of EICAR, by experimentally infigeg coho
salmon Onchorhynchus kisutghand rainbow trout fry with IPNV. The results shexv
that treatment with EICAR resulted in a reductionthe viral load of infected fish;
however, this did not prevent them from being easti Therefore, it was concluded that

treatment of EICAR could be effective for incregssalmon and trout production as it
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reduces viral load and mortality, however as th@gmission of IPNV is both horizontal

and vertical, this treatment is ineffective for badstock.

1.12.2 Vaccination

Vaccines have long proven their efficacy for thentool of virus diseases, but in the
aquaculture industry, they are in a relatively yahase of development. The high cost of
new product development combined with the relagivsghall size of the industry and the
low value of individual animals have largely cohtried to this situation (Heppell and
Davis, 2000). It is the opinion of Park and Jeoi®96), that once IPNV is established, it
is very difficult to eradicate from infected fisand the development of a safe, efficient
and inexpensive vaccine against IPNV infectionresatly needed. According to Bierirg
al., (2005) vaccines against infectious pancreaticagr(IPN) have been sold for many
years in Norway and are now also available in Chilost of the research on these
vaccines has been performed by pharmaceutical auegaand not much information is
available as scientific publications. It has aleei difficult to establish reproducible IPN
challenge models suitable for vaccine testing amd probably explains the lack of
scientific publications. There have also been abemof reasons offered as to why IPN
vaccine development has proved so difficult. WAB&8) states that age of the fish that
are susceptible to the disease and their lack @éveloped immune system could be a
factor in the lack of success in producing an diffecvaccine against IPNV. It is the
opinion of Noga (2000) that the large amount ofokmgical variation among various

strains and apparent lack of cross-protection hadehed development of a practical
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vaccine. According to Dorson (1988), as a resuthefepidemiological characteristics of

IPN an vaccine should:

i) Protect the fish early in its life,

i) Allow a rapid onset of protection,

iii) Be delivered easily i.e. orally, or best viamersion before fry start first feeding,

iv) Protect against a wide variety of antigenicallfferent strains in view of a world wide

use.

1.12.2.1 Recombinant vaccines

Nagy and Dobos (1987) produced monoclonal antilsodgainst IPNV and reported that
all the neutralising monoclonal antibodies devetbpere VP2 specific, which led them to
believe that VP2 contains the major neutralisingoges of IPNV. Frost and Ness (1997)
have described an IPN vaccine component develaped fecombinant VP2 added to an
existing multivariant injectable vaccine, againstuhculosis, vibriosis and cold water
vibriosis (Norvax protect-IPN; (NP-IPN)). Frost adess (1997) demonstrated that
although the vaccine suppressed viral replicatiostqhallenge, it did not produce any
measurable humoral immune response. As trying feraxentally induce mortality or
IPN pathology can be problematic (Sadasiv, 1996% t the lack of a good challenge
model the effect of this recombinant component oaty be determined through the
antibody response as demonstrated by Frost and (1893). However, Biering (1997)
used this same recombinant vaccine to immunize nAtdahalibut Hippoglossus
hippoglossugprior to challenge with IPNV and was unable towtthat it had a positive

effect on the humoral immune system.
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1.12.2.2 Liveattenuated vaccines

According to Christie (1997), a live attenuatedome would be the most effective and
inexpensive solution for IPN control, however fingia stable non-pathogenic strain of
the virus has proven very difficult. Dorsat al, (1978) produced a non pathogenic
variant from a wild IPN virus strain after sevepalssages in rainbow trout gonad (RTG)-2
cells. This strain was used for infection of raimbimout fry but was unable to provide any
protection against an IPNV serotype Sp. The inBtalof attenuated vaccines has been
highlighted as a potential drawback, (Wolf, 198&ri€tie, 1997) with fears of live

vaccines reverting to virulence (Dorson, 1988). Sehessociated problems make the

licensing of a live viral vaccines difficult (Boathdet al, 1990).

1.12.2.3 Inactivated vaccines

Dixon and Hill (1983) demonstrated that formalinda®-propiolactone (BPL) could be
used to inactivate IPNV for vaccine use. Injectismot considered to be a convenient
method of administration in aquaculture, when largenbers of vaccine doses are
required and when fish that require vaccination srall and thus difficult to handle.
Bootlandet al., (1995) conducted an experiment to see if the impation of adult fish
with an inactivated IPNV vaccine would prevent thevelopment of a carrier state,
therefore resulting in IPNV free progeny. Bootlagtdal., (1995) immunized adult brook
trout broodstock 5 months prior to sexual matuwith an injection of inactivated IPNV
in Freund’s complete adjuvant. However, the inatéd IPNV vaccine failed to prevent
the fish from becoming IPNV carriers and IPNV wastedted in the faeces, blood

components, organs and reproductive products oimtheunized male and female fish. It
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was therefore concluded that this vaccine preparatvas unlikely to prevent vertical

transmission.

1.12.2.4 DNA vaccines

Antiviral DNA vaccines carrying a gene for a magottigenic viral protein have received
considerable attention as a new approach to vacdewelopment, especially when
traditional vaccines have failed (Kiet al, 2000). DNA vaccines compared to traditional
antigen vaccines have several practical and imnogncdl advantages that make them
very attractive for the aquaculture industry (Hdpped Davis, 2000). Kirret al, (2000)
report that for fish viruses, DNA vaccines have rbeeveloped for IHNV and viral
hemorrhagic septicaemia virus (VHSV), with laborgtdrials indicating that these
vaccines are more effective in protecting fish alienge experiments than inactivated
and subunit vaccines. Mikalsen al., (2004) reported that a DNA vaccine containing the
whole large open reading frame (ORF) of segmentf Ahe IPN virus provided a high

level of protect in Atlantic salmon against a supsnt challenge of IPN.

1.12.3 Immunostimulants

Bricknell and Dalmo (2005) have stated that theotbtcal benefit of immunostimulants
is considerable, particularly given the currentgress towards developing an efficacious
IPNV vaccine. Immunostimulants have the potentatlevate the innate immune defence
mechanisms of fish prior to the exposure to a pghp or improve survival following
exposure to a specific pathogen. Sakai (1999) wedethe use of fish immunostimulants;
however, none of them have any documented effeatartls IPN. Most of the studies that

have been reported in literature have focused emptbtection against bacterial pathogens
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and/or non specific immune parameters such as plgago complement or lysozyme
activities, whilst studies on increased protectagainst viral infection are scarce. As a
result, little is known about the antiviral effecisimmunostimulants in fish (Salinas al.,
2004). However, the findings of Damsgatdal., (1998) may provide an obstacle to the
delivery of immunostimulants through therapeutietslito treat IPN. They reported that
feed intake and growth were significantly lowerlPNV infected fish than uninfected

fish, with some infected fish displaying a complietes in appetite.

1.13 Husbandry

It is widely accepted that if IPNV has never beetedted on a farm, every precaution
should taken to prevent its introduction, includingly stocking with inspected and
certified IPNV free stocks (Blaket al.,1995; Sadasiv, 1995). According to Aloretoal.,
(1999), until vaccine technology improves, the omffective way to control virus
infections in aquaculture is to prevent exposuréhtovirus. One example of this can be
seen in Denmark, where IPN is considered to beraitdidke most of Europe, except for a
number of approved IPN-free rainbow trout broodsttaoms. Most of these farms have
been maintained as closed units since 1969 andthasebeen able to uphold an IPN free
status and have supplied IPN free material to mitermational market for decades (Ariel
and Olesen, 2002). However according to Reno (1988)type of vigilance is difficult to
achieve, for economic or technical reasons. In tm®c particularly in commercial
operations where IPN cannot be avoided, econonsi ik minimized by anticipating the

extent of mortality and incubating proportionatehore eggs (Wolf, 1988). It is the
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opinion of Stoskopf (1993), that the incidence aiita IPN and consequent mortality can
be reduced if factors that promote physiologicaéss are controlled. These included
reducing population density, following optimal fésgl protocols and maintaining proper

hatchery hygiene.

1.14 Geneticresistance

Systematic breeding for increased innate resistaosstitutes a potential strategy for
control of infectious diseases in all segmentsniinal and plant production. According to
Midtlyng et al, (2002), because of the high reproduction ratetaadpportunity to score
families by use of challenge tests, fish have ahmhigher potential for improving
resistance to infectious diseases through selebteeding than most other food producing
animals. Some salmonid species are recognized MsréBistant, e.g. coho salmon

(Dorson, 1988).

1.15 Current techniquesfor the detection and identification of aquatic

PNV

Diagnostic procedures are important for IPN contitols important that infectious agents
are rapidly identified and differentiated, becategid detection of an outbreak may help
to prevent further spread of the disease (EspirmwwhKusnar, 2002). The diagnosis of
IPN has historically been predicted on clinical nsigof the disease, isolation and

identification of the aetiological agent by cellltcwe methods and confirmation using
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serological methods (Reno, 1999). However, accgrda (Ahneet al, 1989) clinical
signs and histopathological changes associated IRithare variable and cannot be used
for presumptive or definitive diagnosis or to digtilish IPN from other fish viral diseases.
In most cases, classification of these virusedrams of IPNV are made on the basis of
neutralization with antisera against referenceirsgdraf IPNV (Hill and Way, 1995).
Immunofluorescence adsorption test (IFAT) is alseduafter conventional virus isolation
on cell cultures, this method although time consignworks very well in acute cases, but
it is difficult to detect virus in subclinically datently infected fish Barlic-Magangt al.,
(2002). According to Alonset al, (1999), because of the occurrence of co-infestioin
IPNV with, for example IHNV, more sensitive detecti methods for each virus are
needed to avoid false negative results, as thetgrofvone virus may be inhibited by the
other, and standard diagnostic assays might n&atehe second virus. Therefore, it is
widely agreed that there is a need for a sensitagd diagnostic technique (Lopez-Lastra
et al, 1994; Hill and Way, 1995; Alonseat al, 1999; Taksdaét al, 2001; Espinoza and
Kuznar, 2002). IPNV may be detected with molecutlaethods such as reverse-
transcription PCR (RT-PCR). At present, the majsadvantage of molecular methods of
virus detection is the cost, but the efficiency aadidity compared with virus isolation
and differentiation by cell culture methods, wh&re20 days are required for a negative
diagnosis, offer a considerable advantage and tofifee higher costs of molecular tests
(Barlic-Maganjaet al.,2002). Blakeet al, (1995) developed a RT-PCR assay which was
found to be capable of routinely detecting aquaimmaviruses directly in fish tissue
samples at a level of accuracy and sensitivity amadge to those of virus isolation in cell

culture. Taksdakt al, (2001), used RT-PCR to test Atlantic salmontfe presence of
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IPNV in survivors of a viral bath challenge. Thessults showed that RT-PCR detected a
higher number of IPNV positive samples than stagided cell culture method detection.
This was a significant finding as it was one of flist reported methods that was more
sensitive than virus culture for the detectionNV. It is believed that methods that can
detect IPNV in covertly infected fish may be beokdi in the surveillance and prevention
of spread of the infection (Taksdat al, 2001). According to Barlic-Maganjat al.,
(2002) when RT-PCR positive results are obtaineditiathal confirmation by culture
based diagnostic methods is necessary and the \atteremain as the gold standard
method for virus detection meantime. Thereforepiild be argued that molecular tests are
inappropriate for final diagnosis of IPNV but arsetul in conjunction with routine
diagnostic procedures of virus isolation, espegialhen quick detection of viral agents
could identify an outbreak and help to prevent Hert spread of disease. Therefore,
according Einer-Jenseet al, (2002) cell culture assays are still considei@de the

“Gold Standard”.

1.16 Host defence mechanismsagainst | PNV

There is a belief that an increased knowledge abotiviral defence mechanisms of fish
may contribute to the understanding of the devekmnof virus diseases in aquaculture
(Nygaardet al, 2000), and more specifically help to explain slisceptibility of Atlantic

salmon to IPNV (Jensen and Robertsen, 2002).
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1.16.1 Innateimmunity

1.16.1.1 Céllular

According to Rgnnestlet al., (2006) the non-specific cellular immune activitiase
central in combating virus infections in fish. Gelwith very similar properties to
mammalian natural killer (NK) cells have been obedrin fish (Ferguson, 1989). These
natural cytotoxic cells (NCC) have cytotoxic effecon many tissue culture cells,
especially when the latter are infected with IPKusi(Moodyet al, 1985). According to
(Ferguson, 1989) NCCs which are present in thed)ldomphoid tissues and mucosal
sites, spontaneously kill cells via an apoptoticl arecrotic mechanism. A variety of
leucocyte types are involved in non-specific celtudefences of fish, and include
monocytes/macrophages, granulocytes and non-spegjfotoxic cells (Moodyet al,
1985). Macrophages play a significant role in npaesfic resistance to virus infection,
due in part to the non-permissiveness of these ¢etl the replication of many viruses
(Nova et al, 1996). Another important phagocytic leucocyte tiee neutrophilic
granulocyte. In teleosts, three types of granulesyhamely neutrophils, eosinophils and
basophils, have been identified (Rgnnesthal., 2006). Atlantic salmon parr and post
smolts were challenged with IPNV and Rgnnegtlal., (2006) reported that there was a
reduced level of neutrophils in the head kidneyirdécted parr and post-smolts than
observed in non-infected fish. From their resuhigy suggested that neutrophils may take
part in virus clearance or are affected by IPNV kgepost challenge. These results
complemented other studies that report that IPN®ce&s the levels of neutrophils in IPNV
infected Atlantic salmon (Pettersegt al., 2003; Pettersemt al., 2005). The cellular

components of the non-specific immune system irelpidagocytic cells (neutrophils and
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macrophages) and natural killer cells which interaith lymphocytes and other cells of
the immune system through cytokines. Cytokinespatgpeptides or glycoproteins which
act as modulators in the immune system (Sakai, )199% production of T cell-derived
cytokines able to influence phagocyte functiona key aspect of cell-mediated responses
(Mulero and Meseguer, 1998). In mammals, a divensay of cytokines secreted by
leucocytes is able to affect phagocyte activitigsilero and Meseguer, 1998). There is
evidence that fish, like mammals, have a networkighalling cytokines that control and
coordinate the innate and acquired immune resp@viagnadottir, 2006). The cytokines
that have been identified in fish are reviewed bgnking and Nakanashi (1996), which
include Interleukin 1 (IL-1), Interleukin 2 (IL-2)nterleukin 3 (IL-3), Interleukin 4 (IL-4),
Interleukin 6 (IL-6), Interferons (IFNs) and Mact@ame activating factors (MAFS),
Tumour Necrosis Factor (TNF), Transforming Growtkcter 31 (TGF 31), Chemotactic
Factor (GF) and Macrophage Migration Inhibition teac(MIF). IFNs are the most
extensively studied cytokines regarding IPN, argrthelevance will be discussed in the

next section.

1.16.1.2 Humoral

The serum, mucus, and eggs of fish contain a yaaesubstances that non-specifically
inhibit the growth of infectious microorganisms.€elhare specific in that they react with
just one chemical group or configuration, but thegve been called “non-specific”
because they do not influence the growth of onlg onicroorganism (Ahne and Negele,
1985). Another component of resistance to IPN isrferon, a broad ranging protective
molecule generated by lymphocytes and other cBl&ng, 1999). Cells infected with a

virus are stimulated to produce and secrete IFN¢hwim turn induces a complex pattern
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of physiological changes, including the establishimef an antiviral state in as yet
uninfected cells (Collet and Secombes, 2001).s haw appreciated that IFNs consist of
two families, the type | or IFN/[3 family that consists of many, structurally retht
members, and type Il or IFN-consisting of a single, unrelated protein (Leatyal.,
2001). Type | IFNs induce the production of antwiproteins in various body cells
whereas Type Il IFNs, in addition to this, actiwateacrophages for enhanced killing of
bacterial, fungal and viral pathogens (Roberts&®9). Viruses induce interferon gene
expression and then the up-regulation of variousndgtream interferon responsive genes
(Boudinotet al.,2006; Bergaret al.,2006). Some of these genes such as 2-5 A syn#hetas
RNA-dependant protein kinase, RNase |, and MxA ehantiviral activity (Boudinoet
al., 2006). It has been known for some time that ieteri synthesis can be triggered in
fish, eitherin vivo or in cell culture, following infection by pathage viruses (Hill,
1982). The limited number of functional studiestthave been performed with the cloned
fish IFNs show that they have the characteristiapprties of type | IFNs (Robertsen
2005). Type | IFNs have been cloned from zebra(Bhachydanio rerig; (Altmannet al.,
2003), Atlantic salmon (Robertsezt al., 2003), channel catfishctalarus punctatus
(Long et al., 2004), whilst Mx genes have been detected andedlon rainbow trout
(Trobridgeet al, 1997), Atlantic salmon (Robertsen al., 2003) and Japanese flounder
(Paralichthys olivaceuys (Lee et al., 2000). Mx is one of several IFN4cle proteins
that have been shown to inhibit the replicationdidferent types of viral infection. Mx
proteins are members of a family of IFN-inducibkengs expressed when cells undergo
virus infection (Leonget al, 1998). The study of Mx-genes in cultured fisleaps is of

importance not only as components of antiviral deé but also as molecular markers for
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type | IFN induction (Robersteet al, 1997). There is controversy as to whether IPNV
induces IFN responses in fish cells (Co#etal.,2007) which has led to suggestions of a

complex virus/host interation (Lockhaat al.,2006).

1.16.2 Adaptiveimmunity

1.16.2.1 Cédlular

Cell-mediated killing is an important defence mathkan in the control of virus-infected
cells (Nakanisihiet al, 2002; Somamoteet al, 2000). Virus-specific cell mediated
cytotoxicity was demonstrated in fish for the fitshe by Somamotet al, (2000) using
clonal guibuna crucian cargérassius auratus langsdorfiiahd syngenic cell line (CFS).
Peripheral blood leucocytes, from crucian carp imiped with IPNV infected CFS cells
lysed IPNV infected CFS cells (immunogen) more clatgly than CFS cells infected
with different virus (non-immunogen). These resudtgygest that fish exhibit specific
cytotoxicity against virus-infected cells, resemyglithe specific cytotoxicites of higher
vertebrates. This appears to be the only studyeénliterature on specific cell-mediated

immune responses to IPN in fish.

1.16.22 Humoral

According to Frostet al., (1998) the importance of antibodies in a protectimmune
response against IPNV is unknown. Bootlahdl.,(1991) reported that a strong antibody
response was produced in 1 year old brook trowctefd with IPNV, however this
response failed to prevent a chronic infection Whstibsequently led to a carrier state
within the survivors of the infection. Similarly Btand et al., (1995) attempted to

immunize adult brook trout with inactivated IPNV hieh induced a strong humoral
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immune response with IPNV-neutralising antibodidgewever, this failed to prevent the
fish from becoming infected following challenge WiPNV. Biering (1997) performed an
experiment in which Atlantic halibut were bath daaged with IPNV which subsequently
led to a strong humoral immune response in the foirPNV-specific serum antibodies.
Whilst no mortality occurred as a result of virugesure, no connection was observed
between the high humoral immune response and elmmsnation. Whilst the importance
of IPNV-specific antibodies is unknown literatudearly indicates that they are a specific

immune response.

1.17 Summary and Aims

IPN is the most serious viral disease affecting thi€ salmon farming industry.
Advancing current knowledge of the salmonid immuegponse to IPNV may highlight
potential control measures against this major ggtho The macrophage is an important
component of the innate immune response. Althouglerophages are recognised as a
potential site of viral replication and persistemedPNV-infected salmon, the virus-host
relationship in this cell type is not well charaided. The salmonid IFN response to IPNV
has been studied in cell lines such as RTG andhobin salmon embryo (CHSE-214),
however there is a distinct lack of knowledge @& ihiterferon response to IPNV in salmon
macrophages. Therefore, the overarching goal sfthi@sis is to characterise aspects of the
antiviral response to IPNV in Atlantic salmon mazntages, and to investigate whether the
antiviral mechanisms in these cells can be manigdlavith immunostimulants so as to

mitigate IPNV infection and thus potentially lincievelopment of a carrier state.
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This thesis comprises the following seven objestive

» Development of methods for the isolation andvitro culture of Atlantic salmon
macrophages.

 Development of a procedure for the extraction ofARRffom Atlantic salmon
macrophages maintainéavitro.

» Establishment of real-time RT-PCR procedures f& guantitation of immune
response gene expression in IPNV-infected Atlasaémon macrophages and
uninfected controls. This involves the developmehtssays to detect IFN and
Mx, and also Elongation factor 1 (ELF-1). The laieused as a “housekeeping”
control gene in quantitative real-time RT-PCR.

» Establishment of a real-time RT-PCR procedure lfigr quantitation of IPNV in
IPNV-infected Atlantic salmon macrophages and wettdéd controls.

* To determine whether Atlantic salmon macrophagdsi®s maintainedn vitro
can be infected with IPNV.

* To characterise the effect of IPNV infection on eegsion of immune related
genes in Atlantic salmon macrophages.

» To investigate whether the expression of immunateel genes in IPNV-infected
Atlantic salmon macrophages can be manipulated wmunostimulants. The

following immunostimulants will be studied: GlucaviAF, and LPS.
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Chapter 2- General Materialsand Methods

2.1 Virology

2.1.1 Cdl culture

A Shetland isolate of IPNV (IPNV 975/99); (Bowdeh al, 2002) obtained from FRS
Marine Laboratory, Aberdeen was grown in CHSE-2&Hsc Cells were maintained in
Eagles minimum essential medium (EMEM); (Gibco), theut L-Glutamine,
supplemented with 10% foetal calf serum (FCS); ¢@)b 2mM L-Glutamine (Gibco)
and 1x non-essential amino acids (NEAA); (Sigmdie Tells were cultured in closed 25

cn? plastic flasks (Nunc, Roskilde, Denmark) at 22°C.

2.1.2 Virusculture

CHSE-214 cells were infected with IPNV by simultans inoculation. A 25cfculture
flask of fully confluent CHSE-214 cells was spld & ratio of 1:3 and IPNV was
inoculated at 1/10 of the volume of the suspended cells. The celld wnus were
incubated at 15°C. The cells were examined on by desis for the development of
cytopathic effects (CPE), in comparison to unirgeatontrol cells which were inoculated
with Hanks’ Balanced Salt Solution (HBSS) (GibcOn observation of extensive CPE
the supernatant was centrifuged at 1410 x g fomifutes at 5°C (Eppendorf 5804R).
The pellet was discarded and the virus-containupggmatant was aliquoted and stored at

-70°C.
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2.1.3 Estimation of virustitre

The titre of IPNV preparations was performed byeativity titration in CHSE-214 cells
grown in 96 well plates (Nunc, Roskilde, Denmaful of EMEM supplemented with
10% FCS was added to each plate well together ®ithh of the IPNV preparation,
which was then diluted in ten-fold dilutions acrdke plate. For each 96 well plate a
fully confluent 25cm flask of CHSE-214 cells was harvested, andul@® CHSE-214
cells was added to each plate well. For a negatimgrol, each plate contained two rows
of CHSE-214 cells and EMEM. The plates were incettator 7 days at 15°C and
inspected daily for the development of CPE. The tf the virus expressed as TCID50
was calculated using the Spearman-Karber methoertiplizer and Killington, 1996) as

described below.

Log10 Median Dose = (X0 -(d/2) +¥(ri/ni)

X0 =1og10 of the reciprocal of the lowest diautiat which all test inocula are positive.

D = log10 of the dilution factor (i.e. the differ@mbetween the log dilution intervals)

ni = number of test inocula used at each individlilation (after discounting accidental losses)
ri = number of positive test inocula (out of ni).

> (ri/ni) = >(P) = sum of the proportion of positive tests begig at the lowest dilution showing

100% positive result.

Summation is started at dilution X0
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2.2 Isolation and culture of macrophages

2.2.1 Fish

All the experiments conducted in this thesis useddhkidneys derived from Atlantic
salmon, Salmo salarL.) of average weight 500g originating from the Mar

Environmental Research Laboratory at Machrihanish.

2.2.2 Sampling

Prior to sampling the fish were killed by a letkaposure to ethyl p-amino-benzoate (0.8
g/L) and ex-sanguinated by withdrawing blood frdm taudal vein. The surface of the
fish was sprayed with 70% ethanol (BDH) prior tesgiction and the head kidney was
aseptically removed and placed in 9ml of chilledbbeitz medium (L-15); (Sigma)
supplemented with 10% FCS, 50 U mpenicillin (Gibco), 50 pug mi streptomycin
(Gibco), 2% polymyxin B sulphate (Sigma) (10 000nU%) and 2% gentamycin (Gibco)
(50 mg mt*). The head kidneys was passed through a 100um wigsh.-15 medium
supplemented with 2% FCS, 1% penicillin/streptomy(®/S) (Gibco) and 20 U il

heparin (Sigma). All kidneys were processed wi¥drhours of sampling.

2.2.3 Isolation of macrophages on 34-51% discontinous gradient

The head kidney cell suspension was split intoetlared was subsequently layered gently

onto three 34-51% percoll (Sigma) gradients. Thadignts were centrifuged at 540 x g
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for 35 minutes at 4°C with no brake. The band dfscat the percoll interface was
carefully collected so as not to disturb the 51%etaand washed with L-15 containing
0.1% FCS, 1% P/S and 20 U hiheparin. The cells were centrifuged at 540 x g3®r

minutes at 4°C with no brake to wash off any pdr@dter centrifugation the supernatant

was removed and the pellet was resuspended infliml5 medium.

2.2.4 |solation of macrophageson 51% per coll

The head kidney cell suspension was split intoetlaned was subsequently layered onto
51% percoll. The tubes were centrifuged at 540far @5 minutes at 4°C with no brake.
The band of cells at the medium-51% percoll intsefavas carefully collected so as not
to disturb the 51% layer (as shown in Figure 1) dihgted in 10ml of L-15 medium. The
cells were centrifuged at 540 x g for 35 minutegl’®@ with no brake to wash off any
percoll. After centrifugation the supernatant wasmoved and the pellet was resuspended
in 1ml of L-15 medium. The cells were counted usadhaemocytometer and their
viability was assessed by trypan blue exclusionlsGeere suspended to a concentration

of 2 x 10" mI™*in L-15 plus 0.1 % FCS.
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Figure 1:lsolation of macrophages on a 51% percoll gradine rise to 3 main layers. Layer
1; L-15 medium containing cell debris (a). Layeojwhe L-15 medium-51% percoll interface

containing macrophages (b). Layer three; 51% plendti pelleted red blood cells (c).
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2.2.5 Cultureof macrophages

Aliquots of the cell suspension were added to celplates, 100ul to each well of a 96-
well culture plate whilst 400ul were added to eaeli of a 24-well culture plate, and the
cells were left to attach at 15°C. After three Isoilne wells were washed three times with
L-15 medium to remove any non-adherent cells. Tdteeeent macrophage monolayers
were maintained in L-15 medium supplemented withuBils mI* penicillin, 5Qug mf*
streptomycin and 5% FCS at 15 °C. Over the coufskeoexperiment, the medium was

replaced every two days.

2.2.6 Estimation of macrophage cell numbersin vitro

Each day the number of viable macrophages was a&stimFollowing the removal of the
culture medium from the well, lysis buffer (0.1 Mrc acid, 1% Tween-20, 0.05%
crystal violet). After 2 minutes the bean shapede&iwere counted in a haemocytometer

under an inverted microscope at 100x magnification.

2.2.7 1PNV infection of macrophagesin vitro

Cell counts were performed in representitative svél assess the numbers of viable
macrophages 24 hours after initial washing of trecnmphage monolayers to remove
non-adherent cells. In the experimental wells thieuce medium was removed and IPNV
containing supernatant (section 2.1.2) diluted4b5.medium was added at a multiplicity

of infection (MOI) of 1 for 12 hours at 15°C. Thé&us titre of the IPNV containing
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supernatant was 1.15 x®0CIDs, mI™. Control wells were inoculated in the same way

with L-15 culture medium.

2.2.8 Extracdlular IPNV titre

To determine if any IPNV had been released from M8V in vitro infected
macrophages, 10 of culture medium was removed from the macrophagaire wells
on a daily basis and inoculated onto 24 well platasaining CHSE-214 cells. Had CPE
been detected in these cultures over a 21 daydyerul of this culture medium would
have been serially ten fold diluted and inoculated 96 well plates containing CHSE-
214 cells. These plates would then incubated fdays at 15°C and inspected daily for
the development of CPE. The titre of the virus wlothen calculated using the

Spearman-Karber method (Hierholzer and Killingth®96) as described in section 2.1.3.
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Chapter 3 - Development of a protocol for thein vitro culture of

Atlantic salmon macrophages

3.1 Introduction

The macrophage is believed to be a key componetiteirsalmon immune response to
IPNV, and a possible site for persistent virus ¢titen in this host (Johansen and
Sommer, 1995). Consequentlyy vitro cultures of salmon macrophages represent a
useful model to study aspects of the relationskipvben IPNV and its host. This model
system would also permit experimental investigabbithe effects of immunostimulants
on the immune response of the macrophage to IPN¥.objectives of this chapter are to
investigate the effect of isolation method and wnelt conditions on macrophage

preparations used fam vitro culture.

3.2 Materialsand Methods

3.2.1 Isolation of macrophageson 34 - 51% discontinuous percoll gradient or 51%

percoll.

Head kidneys were obtained from the fish as oulimesection 2.2.2. Macrophages were
isolated using either 34 — 51% percoll gradientsctien 2.2.3) or using 51% percoll
(section 2.2.4). The cells were seeded into elideor 24 well plates at concentrations of
2 x 10" mI'* and maintained in culture for 9 days post isotatid 15°C as described in

section 2.2.5.
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3.2.2 Statistical analysis of the cells produced by the 34-51% percoll gradient and

those on 51% percoll

Cell counts were performed regarding the numberetis produced from 6 different 34-
51% and 51% percoll isolation preparations, usifgag@mocytometer and their viability
was assessed by trypan blue exclusion. Triplicatents were recorded for each
preparation. Comparisons between the numbers &f pedduced by the two isolation
methods were analysed by a Mann and Whitney testgihe Minitab software package.
Differences were considered statistically significavhen probability (P) values < 0.05

were obtained.

3.2.3 Staining of adherent cells obtained from 34-51% and 51% percoll gradients

Microscope slides were cleaned in 100% ethanol. Tinades were drawn on each slide
using a PAP pen (AGAR scientific). 100ul of celspansion from the 34-51% and 51%
percoll gradients were placed in each circle. Télks avere left to attach for three hours
at 15°C. The non adherent cells were removed bhinwgshe slides the slides three times
with L-15 medium and gently tapped dry. The slidese dipped in 70% ethanol to fix

the cells and then stained with a Quick stain Kaymond Lamb Ltd) following the

manufacturer’s instructions. The cells were therumted using pertex and viewed under

oil immersion at x 100 magnification.
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3.2.4 Invitrovirusinfection in isolated macrophages

Macrophages maintained in 96 and 24 well plate®wdected, in triplicate, with IPNV
at a multiplicity of infection (MOI) of 1 (sectioB.2.7) and incubated overnight at 15°C.
The next day, the cells were washed three timds Wwit5 medium and then maintained
in culture for nine days at 15°C as described iotige 2.2.5. Control wells of

macrophages were inoculated in the same way witb tulture medium.

3.2.5 Extraction of RNA from in vitro macr ophage monolayer

Each day over a 9-day period, the supernatants mareved and total RNA was isolated
from the macrophage monolayer using TRIzol reagéBibco) following the
manufacturer’s protocol. Triplicate wells were sd@dpfor each time point. The resulting
RNA was resuspended in 10ul of RNase/DNase freerylaft to sit on ice for 2 hours to
allow satisfactory resuspension of the pellet dmel ¢concentration was estimated from
optical density (OD) measurements performed on aoReop spectrophotometer
(NanoDrop Technologies). In addition, total RNA wiaslated from the macrophage
monolayers in 24 well plates using a modified wasiof the TRIzol procedure
incorporating the use of a commercial co-precipigt&lycoblue (Ambion) and also an
overnight precipitation step at -20°C. The modif@dcedure is as follows. Each day
over a nine day period the supernatants were diedaand the macrophages were lysed
by adding 800ul of TRIzol reagent to each well forminutes at 15-30°C and the

resulting cell lysate was passed through a pipsteral times and passed into a sterile
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diethylpyrocarbonate (DEPC)-treated 1.5ml tube. dach tube, 160ul of ice cold
chloroform was added and the tubes were shakemotigly by hand for 15 seconds. The
tubes were incubated at 15-30°C for 2-3 minutesrbefentrifugation at 12,000 x g for
15 minutes at 4°C. The clear aqueous phase wasddreed to a new sterile DEPC-treated
1.5ml tube, to which a co-precipitant, GlycoBluen{ion) was added at a concentration
of 150ug/ml prior to the addition of 400ul ice catbpropyl alcohol. The tubes were
gently inverted 7 times and the samples were allioteeprecipitate overnight at -20°C.
The following day samples were centrifuged at 12,9@ for 15 minutes at 4°C to pellet
the RNA. The supernatant was discarded and thetpefls washed with 200ul ice cold
70% ethanol and centrifuged at 7,500 x g for 10utgg at 4°C. The supernatant was
removed and the pellet was allowed to dry. Onceddifie pellet was resuspended in 10ul
RNase/DNase free water and left on ice for 2 hearsnsure adequate resolubilization
before the concentration of extracted RNA was a&@gsks The concentration was
estimated from Optical density measurements peddrmon a Nanodrop

spectrophotometer.

3.2.6 Viability of in vitro macrophage cultures

Prior to harvesting, the number of viable adhematrophages in representitative wells

was determined as outlined in section 2.2.6.
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3.3 Reaults

3.3.1 Invitro culture of macrophages and extraction of RNA from cellsgrown in a

96 well plate

Macrophages were not able to survive past 4 dagsipfection as reflected by the cell
counts in Table 1. It was found that the macrophageolayer was either significantly or
almost totally destroyed after day 3 of culture, rafiected in the steep fall in cell
numbers (Figure 2). This coincided with the 3rd kyass the cells were first washed after
the initial incubation, washed again after beingcuiated with virus, and then again after
a second day in the culture medium as recommengl&bttombes (1990). The pattern of
damage to the monolayer was evidently linked toviashing of the cells as when the
wells were viewed under the microscope after eagshvihe macrophage monolayer was
greatly reduced compared to before washing. Theas also a distinctive pattern in
which the macrophages detached and this corresgaidehere the washing medium
impacted on the culture surface of the wells. Tdgee the experiments proposed for
this thesis the monolayer would be required to stahd many washes to accommodate
the various treatments required to perform thiggmto Together with the maintenance
wash required every 48 hours, this would lead tosimierable physical stress being
imposed upon the macrophage monolayer during thetidn of experiments. After many
attempts to maintain an adequate macrophage cutiuae96 well plate it was decided
that an alternative culture vessel would need todes. It was also found that sufficient
guantities of RNA for RT-PCR analyses could not tketained from damaged
macrophage cultures. Throughout the nine daysa#t mot possible to detect the presence
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of any RNA after conducting extraction from thetaué wells. As a result no RT-PCR

amplification from this procedure was performed.
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Figure 2: Number of viable adherent head kidneyropitages maintaindd vitro over time in a
96 well plate. Cells were derived from Atlantic mah head kidney and isolated on 34-51%
percoll gradients. The cells were seeded in weélks @ncentration of 2 x 70ml™, then washed
after 3 hours to remove non-adherent cells. Cudtuvere incubated overnight at 15°C, before
being infected with IPNV at an MOI of 1, 24 hourftea initial seeding. Negative control
macrophages were inoculated with L-15 medium. Coohwiable macrophages were taken for 9

days after virus inoculation. Data represent meamts (N=3) + SD.

43



Chapter 3: Development of vitro culture of Atlantic salmon macrophages

Table 1: Data collected from cell counts of viaatherent head kidney macrophages maintained

in vitro over time in a 96 well plate after IPNV inoculatiddata represent mean counts (N=3) +

SD.

Neg IPNV
Day Mean Stnd dev Mean Stnd dev
1 136666.7 | 11547.01 | 136666.7 | 5773.503
2 18000 1000 21000 1000
3 103.3333 | 90.73772 | 86.66667 | 75.71878
4 0 0 0 0
5 0 0 0 0
6 0 0 0 0
7 0 0 0 0
8 0 0 0 0
9 0 0 0 0

3.3.2 Comparison of cellsisolated from 34-51% percoll gradient and 51% per coll

In light of the problems encountered with maintaghimacrophages in 96 well plates it
was proposed that it might be necessary to cuthecells in larger wells. The use of
larger volume culture wells might not only redube damage caused by washing, but
would also yield more cells due to their largerfsce area. This would facilitate the

recovery of larger amounts of RNA from cultured nogphages. To support this larger
culture well format more macrophages would theeetog necessary. As 34-51% percoll
gradients are very labour demanding it was propdisatdsimply isolating macrophages
on 51% percoll may be a better suited techniquaeet the increased demand for cells.
However, before this move could be made a compangas made between the cells
isolated from 34-51% percoll gradients and thosemfr51% percoll. On visual

examination of the cells stained on the slidesyas confirmed that macrophages were
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present after the three hour wash in both cell ensipn preparations obtained using 34-
51% percoll gradients (Figure 4) and 51% percoitjffe 5). Further verification was
provided through statistical analysis, performedtbe cell counts immediately after
isolation (section 3.2.2), which showed that thees no significant difference between
the number of macrophages present in the cell ssgpe produced by the two methods
(P = 0.4290). Therefore, it was concluded that3h®b percoll isolation method was a

suitable replacement for the 34-51% percoll gradsiation method.

34/ 51 Percoll gradient N = 18 Medi an = 5. 9000
51 Percoll N= 18 Medi an = 5. 9000
Point estimate for ETAL-ETA2 is 0. 0000

95.2 Percent Cl for ETAL-ETA2 is (-0.0000,0.1000)

W= 358.5
Test of ETAL = ETA2 vs ETAl not = ETA2 is significant at 0.4290
The test is significant at 0.4037 (adjusted for ties)

Cannot reject at al pha = 0.05

Figure 3: Mann and Whitney Statistical test prefednon macrophage counts obtained from cell
suspensions derived from Atlantic salmon head kisn€omparisons were made concerning the
numbers of macrophages obtained from 34-51% pegpalliients and those on 51% percoll

(N=18). Differences were considered statisticaliyrgicant when P <0.05.
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20.0 pym

Figure 4: Adherent cell populations obtained follogvisolation on 34-51% percoll gradients.
Aliquots of cell suspension at the 34-51% perautttiface were allowed to adhere to glass slides
for 3 hours. Unattached cells were removed by imgshnd the remaining adhered cells were
stained. Cells were identified as being either mplcages (M) or Lymphocytes (L). Photographs
were taken using an Olympus BX51 inverted microscamder oil immersion at x 100

magnification.
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20.0 ym

Figure 5: Adherent cell populations obtained follagvisolation on 51% percoll. Aliquots of cell

suspension at the 51%-medium interface were alloteeddhere to glass slides for 3 hours.
Unattached cells were removed by washing and timaireng adhered cells were stained. Cells
were identified as being either macrophages (M),.yanphocytes (L). Photographs were taken

using an Olympus BX51 inverted microscope undemaihersion at x 100 magnification.
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3.3.3 Invitro culture of macrophages and extraction of RNA from cell monolayers

grown in 24 well plates

Through the use of 24 well culture plates it wasgiade to maintain macrophages in
culture for nine days (Figure 6). The larger wetisuld be washed without total
destruction of the macrophage monolayer as forfiteetime it was possible to obtain
cell counts for each day of the experiment Tabl&h& 24 well plate format meant that a
multi-channel pipette could not be used for waslang it was necessary to use a 1ml
pipette for this purpose. Despite the fact thag thcreased the time required to wash the
plates, in essence, each well could be washed idhdilly, and thus more care and
attention could be allocated to each individual Iw&he effect of the washing was
confined to a small area around the outer siddefwell, thus leaving a monolayer of
attached macrophages on the remainder of the eutturface of the well. RNA was
extracted from the macrophages on a daily basisigusiRIzol following the
manufacturer’s protocol. However, the extractioagetl to reliably provide sufficient
RNA to permit analysis of gene expression by reaétRT-PCR (Figure 7). Previously,
the 96 well plates was a major contributing fadrinability to obtain RNA vyields.
However, with using a culture system such as the/@iplate which is able to maintain
cells over the required experimental period, cootory factors could also include the
loss of RNA during the extraction method, arisimgni a small amount of starting
material. In this case, it is easy to lose pelld&dA during extraction due to lack of
visibility. To combat this it was decided to incku@ co-precipitant into the extraction
process to increase the efficiency of RNA prectmtaand to increase the visibility of

the RNA pellet. In addition, an overnight precifita step was included. By modifying

48



Chapter 3: Development of vitro culture of Atlantic salmon macrophages

the TRIzol extraction method and incorporatingtise of a co-precipitant it was possible
to consistently extract a high yield RNA from maunages (Figure 8). Extractions
yielded on ranged between 115ugb 400ng/l of total RNA per well of a 24 well plate

throughout the duration of the experimental timerse. This corresponded to a total

yield between 1150ng and 4000ng of total RNA pdi.we

—e— Neg Log 10
—s—IPNV Log 10

cell number (log 10)

SO B N W~ 00 OO N

1 2 3 4 5 6 7 8 9
time (days)

Figure 6: Number of viable adherent head kidneyropltages maintaindd vitro over time in a

24 well plate. Cells were derived from Atlanticreah head kidney and isolated on 51% percoll.
The cells were seeded in wells at a concentratfdh 10’ ml?, then washed after 3 hours to
remove non-adherent cells. Cultures were incuba¥ednight at 15°C, before being infected with
IPNV at an MOI of 1, 24 hours after initial seedingegative control macrophages were
inoculated with L-15 medium. Counts of viable madrages were taken for 9 days after virus

inoculation. Data represent mean counts (log M53j + SD.
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Table 2: Data collected from cell counts of viaatherent head kidney macrophages maintained

in vitro over time in a 24 well plate after IPNV inoculatidata represent mean counts (N=3) +

SD.

Neg

IPNV

Day

Mean

Stnd dev

Mean

Stnd dev

2866667

152752.5

2833333.333

115470.0538

966666.7

15275.25

963333.3333

5773.502692

236666.7

15275.25

236666.6667

11547.00538

70666.67

1527.525

71000

1732.050808

43333.33

577.3503

23666.66667

1154.700538

37666.67

1154.701

17333.33333

1154.700538

11666.67

1527.525

12333.33333

1527.525232

8600

200

8633.333333

115.4700538

O|0|N|O |01 [W[N |-

7366.667

152.7525

7300

173.2050808

70
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Figure 7: Yield of RNA extracted from adherent hddédhey macrophages maintaingdvitro
over time in a 24 well plate. Cells were derivashirAtlantic salmon head kidney and isolated on
51% percoll. Prior to extraction, the macrophagad been infected with IPNV at an MOI of 1,
24 hours after initial seeding. Negative controcm@hages were inoculated with L-15 medium.
RNA was extracted from macrophage monolayers fdays after virus inoculation; extractions

followed the TRIzol manufacturer’s protocol. Daggpresent mean concentration (N=3) + SD.
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—e— Negative
—=— IPNV

Extracted RNA (ng/ul)

1 2 3 4 5 6 7 8 9
time (Days)

Figure 8: Yield of RNA extracted from adherent héathey macrophages maintaingdvitro
over time in a 24 well plate. Cells were derivashirAtlantic salmon head kidney and isolated on
51% percoll. Prior to extraction, the macrophagad been infected with IPNV at an MOI of 1,
24 hours after initial seeding. Negative controcm@hages were inoculated with L-15 medium.
RNA was extracted from macrophage monolayers fdiags after virus infection. Extractions
were performed using a modified version of the TRmanufacturer’s protocol, which included
the an overnight precipitation step at -20°C arelubke of a co-precipitant. Data represent mean

concentration (N=3) £ SD.
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3.4 Discussion

3.4.1 Macrophageisolation conditions

Whilst the results of this chapter show that it vea®ntually possible to maintain an
adequate culture of macrophages for 9 days, thefuae24 well culture plates was not
without problems. Firstly, increased numbers of moplages were required for seeding
wells. Originally, only 100l of macrophage suspension was needed per wellevew
400ul of macrophage suspension were required to seethtger sized wells. Obtaining
enough macrophages to satisfy the number of répiaaeeded to conduct an experiment
would involve the use of significantly more peragiadients, which are costly to produce
and labour intensive to process. The most obvialstien to this problem was to
implement the use of an alternative isolation témpi that would lend itself to isolating
large amounts of macrophages from salmon head kidk® 51% percoll gradients are
easier to prepare and faster to process than 34-§b&dients, their use permits
macrophage isolation in reduced time, which is bela¢ when several macrophage
isolations are required to set up a single expearimie was also feared that the large
numbers of gradients required would increase tieydeetween removal of macrophages
from transport medium and final transfer to cultplates. It was believed that this would
have a detrimental effect on the physical condiod health of the macrophages, which
could subsequently affect their ability to surviweculture. The use of 51% gradients
allowed a faster processing time as it took les®tio make these gradients and it was
also quicker to load the kidney homogenate as 1§¢ percoll gradients are more stable
than 34-51% gradients. This permitted processing gfeater number of kidneys which
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was necessary to perform the number of replicaqsired for the experiments planned
for this thesis. Originally, there was concern thsaing 51% percoll gradients would be
less efficacious than the use of 34-51% gradidnivals anticipated that that the 51%
gradient technique would almost certainly produdess pure macrophage preparation
compared to the 34-51% gradient technique, howiéweas hoped this would not hinder
the macrophages present in the end cell susperfston adhering. As long as
macrophages were allowed to adhere to the surféctheo culture well there was
confidence that the washing would make use of tttacling properties of the
macrophages to remove the other cell types thathmag been present in the wells. As
Figure 4 and Figure 5 show, as a result of the vadteln 3 hours, it was possible to show
the appearance of macrophages from either isolgtiotocol. As there was no significant
difference between the 34-51% percoll gradientstardc1% in terms of the number of
macrophages present in the isolated cell suspensier1% percoll gradient isolation
technique was considered to be a suitable procdduisolating macrophages for the
vitro studies described in this thesis. Finally, a comiywnoverlooked factor in choosing a
suitable experimental technique is financial castactor which is of crucial importance
for small scale research projects with limited ficial support. The use of 51% gradients
to obtain macrophages permitted a reduction inatheunt of percoll used. Percoll is an
expensive chemical and therefore lowering its consion reduced the overall cost of
the isolation method. Although 34-51% percoll geads are the traditional way to isolate
macrophages (Secombes, 1990; Netal.,1996; Taffalla and Nova, 2000; Muneb al.,

2004), 51% gradients have previously been useddoessfully isolate macrophages for
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in vitro studies (Jorgensen and Robertsen, 1995; Sangvadmset al.,2000; Munzoet

al., 1999) and 54% gradients (Ristal.,2004).

3.4.2 Invitro culture of macrophages and extraction of RNA

Initially growth of macrophages on 96 well plateasnattempted, as this would require
the use of fewer experimental animals, an importamisideration given the ongoing

debate on the use of animals in scientific resedfichvever, as a result of poor survival
of isolated macrophages, it was necessary to useelplates. By using a 24 well

culture plate, it was possible to maintain the rmpbages in culture for at least 9 days
post infection with IPNV. A similar pattern of viebcells in the IPNV infected and

uninfected macrophages over time as shown in Figweuld confirm that the decrease
in cell number over time in a direct result of waghand natural cell death/detachment in
the monolayer and not as it could have been suggedtie to the actions of the
inoculated virus. Johansen and Sommer 1995 ankkt@wlal, 2007, also report that

IPNV infected macrophages can be maintained iroidr at least 7 and 9 days post
infection, respectively, without the developmentGRE in the cells. It is probable that
this would have been necessary even if better maeage survival occurred in the 96
well plate format. This is because even with 24| pkdtes, in some cases it was difficult
to obtain sufficient cells to perform RNA isolatioand subsequent first strand
amplification. This is especially relevant for sesl investigating low copy transcripts
that represent a small proportion of the total RiN&ld. Whilst Table 2 shows that the
number of macrophages declines throughout time,rémeaining cell numbers were

proven sufficient to obtain an adequate amount RARor subsequent amplification
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Figure 8. However, this was only possible after Tiizol extraction technique was
developed so that it was sensitive enough to selificient RNA for subsequent real-
time RT-PCR analysis. It was necessary to adapinéeufacturer’s protocol to increase
the efficiency of the precipitation step. The istan of a co-precipitant into the
extraction method proved to be a crucial part @ éxtraction procedure as before its
addition it was not possible to routinely visualR&IA pellets. Sgrenseet al, (1997)
reported that in am vitro culture of Atlantic cod@adus morhud.) macrophage 95% of
the cells had detached and died by 7 days, howbegrwere able to maintain the culture
for up to 3 weeks when the medium was carefullynglea every third day. Similarly
Johansen and Sommer (1995) observed that afteyS3idl@ulture, about 30-40% of the
adherent Atlantic salmon macrophagevitro culture was still viable, however only 10%
maintained adherence at day 7. The effect of tloéirgein the numbers of macrophages
during the course of the experiment will not infige the results of gene expression, as
the method of quantitation selected for this thésiselative expression. Therefore, the
expression of each target gene of interest willcbempared to the expression of an
internal control. The long term viability of the oraphage cultures was further reflected
through the uniform ELF-1 Ct values across day y@léme points (section 5.3.1). This
would indicate that then vitro culture conditions do not influence the expressbthe

internal control gene, therefore demonstrating thatcell is stable in culture.
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3.5 Conclusion

Although the need use a culture plate with a lasgeface area was necessary to achieve
adequate cell survival and sub-sequential RNA yietdeal time RT-PCR amplification,
the demand for increased cell numbers to succégsfuhduct anin vitro experiment was
counterbalanced by identifying a optimal cell is@ia and RNA extraction technique.
According to Braun-Nesijet al.,(1981) the ability to separate, identify and maimicells
underin vitro culture conditions can facilitate the study of iommty in Atlantic salmon.

In the present study, a reliable isolation andureltmethod for macrophages and a
reproducible RNA extraction method have been deeglahat can be used to study the
interaction between macrophages and IPNV. In catjom with real-time RT-PCR
assays for specific components of the innate imnsystem, macrophage culturevitro
may help to advance the understanding of IPN and tontribute to the control of this

disease.
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Chapter 4 - Optimization of gqRT-PCR assays for the quantitation of
the expression of immune response genesin Atlantic salmon

macr ophages

4.1 Introduction

PCR is a powerful tool for the amplification of diremounts of DNA or RNA for various
molecular analyses (Wangt al., 1989). The introduction of real-time PCR has
revolutionised quantification with this procedutayt requires careful assay design and
reaction optimisation to maximize sensitivity (Retet al.,2004). According to Bustin and
Nolan (2004), it is vital to consider each stageha experimental protocol, starting with
the laboratory setup and proceeding through saraptguisition, template preparation,
reverse transcription, and finally amplificatiomlI@ if every one of these stages is properly

validated is it possible to obtain reliable quaaitite data. The aims of this chapter are;

a) To establish real time RT-PCR (q RT-PCR) assagetect IFN, Mx, IPNV and ELF-1.

b) To identify a suitable quantitative model toestigate expression of IFN, Mx relative to

ELF-1 in macrophages maintaingdvitro throughout the course of an experiment.
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4.2 Materialsand Methods

4.2.1 Isolation of macrophages from head kidney

Head kidneys were obtained from Atlantic salmorctise 2.2.2) and macrophages were
isolated on 51% percoll as described in 2.2.4. Mglcages were seeded into 24 well plates

at concentrations of 2 x Tanl'* and maintained at 15°C as described in sectio5.2.2

4.2.2 1PNV infection of Atlantic salmon macrophagesin vitro

After 24 hours incubation at 15°C, macrophage mayerls were processed in triplicate

using one of the following two treatments.

a) IPNV-infected group. Macrophages were infectéith WNV at a multiplicity of
infection (MOI) of 1 (section 2.2.7).

b) Poly-I:C-stimulated group. Macrophages were latad with L-15 medium
supplemented with 5% FCS and 50 units'meEnicillin, 5qug mI* streptomycin

containing polyinosinic-polycytidylic acid (PolyG) (Sigma); (25:g mrY).

After 24 hours incubation at 15°C, the monolayeeravwashed three times with L-15
medium and the RNA was extracted using the modifigdzol protocol as described in
section 3.2.5. It was necessary to reduce theipfesttion sampling time from 24 hours to
12 hours to assess the amplification efficiencyhef IFN primer/probe set because of the

results of chapter 6 with respect to the time cewfsiFN expression.
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4.2.3 Two-step RT-PCR

4.2.3.1 First strand cDNA synthesis

RNA from IPNV-infected or Poly I:C stimulated Atlan salmon head kidney macrophages
was selected to optimize the reverse transcripgtep, as it was considered that the RNA
originating from these cells would contain all bEtmRNA target sequences of interest in
this study. The optimization was performed usingMlan® Reverse Transcription reagents
(Applied Biosystems) following the manufacturerscommendations. This involved
varying the reaction temperatures in the range 25C4to 52°C, and the reaction times
between 20 to 60 minutes. Due to cost restrictiblesreaction temperatures studied were
42°C, 46.4°C and 52°C, whilst the reaction timeseniacreased in 10-minute increments.
cDNA synthesis was performed using TagMan® Revdrsmnscription reagents. The
reaction mixtures for the RT reactions followed th@delines in the TagMan® Reverse
Transcription reagents protocol; for eachuli@action; 1x 10x TagMan RT buffer, 5.5 mM
25mM Magnesium Chloride, 500uM of each dNTP in aoxy®dTP mixture
(deoxyadenosine triphosphate, deoxycytidine triphage, deoxyguanosine triphosphate,
deoxythymidine triphosphate) 2.5uM random hexam@rd, U/ul RNase inhibitor and
MultiScribe Reverse Transcriptase (50 U/ul) 1.2%I1UThe RT mix containing random
hexamers was heated to 95°C for 10 minutes to dendhe secondary structure of the
IPNV template. After heating, samples were heldigenfor 2 minutes before the second
step amplification on the Rotorgene real-time thadroycler (section 4.2.3.2). Again, as a
result of financial restraints reverse transcriptamd amplification of only one of the target

genes of interest, Mx and the housekeeping genelElEre optimized. Results were used
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to define common optimal amplification conditiondish would then be used for all

amplifications.

4232 IFN, Mx, IPNV and ELF-1q RT-PCR

Primer and probe sequences for IFN, Mx, IPNV and-HLwere kindly provided by B.
Collet, FRS Marine Laboratory, Aberdeen (TableAd) primers and probes were designed
and synthesized by Applied Biosystems. The probaeWws' labelled with the fluorescent
reporter molecule FAM (carboxyfluorescein), whilse 3’ termini were modified with an
minor groove binding (MGB) moiety. Real-time quaative PCR was preformed on a
Corbett Research Rotor-Gene. Each 20ul reactiotaic@d: 1x TagMan® Universal PCR
mastermix (Applied Biosystems), 0.9mM forward areverse primers, 0.25mM MGB
probe. Cycling conditions were as follows: 10 mirea°C, followed by 40 cycles of 92°C
for 15 seconds and 60°C for 1 minute. All of thel@s were designed to flank an RNA

splice site in order prevent amplification of genoi@NA.
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Table 3:Primer and probe nucleotide sequences used irinealgRT-PCR

Gene Forward primer Reverse primer MGB probe
IPNV 5'GCCAAGATGACC 5" TGACAGCTTGAC 6-FAM-CCGACCGAG
CAGTCCAT 3’ CCTGGTGAT 3’ AACAT-MGB
M x 5'GATGCTGCAC 5'CGGATCACCA 6-FAM-CAGGATATCC
CTCAAGTCCTATTA 3 TGGGAATCTGA 3’ AGTCAACGTT-MGB
Typel | 5’ACTGAAACGCT 5’AGGAAAGAGAC 6-FAM-CTGTGCACT
IFN ACTTCAAGAAGTTGA 3" AAAACGTCATCTGC 3 GTAGTTCATTT-MGB
ELF-1 | 5CCCCTCCAG 5'CACACGGCC 6-FAM-ATCGGTGGTA
GACGTTTACAAA 3’ CACAGGTACA 3’ TTGGAAC-MGB
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4.3 Reversetranscription of total RNA extracted from macrophages

incor por ating the optimised cycling conditions.

All samples were diluted to a concentration of I§(hin RNase/DNase free water.
Amplifications were performed using TagMan® ReverBanscription reagents. The
reaction mixtures for the RT reactions followed theidelines recommended in the
TagMan® Reverse Transcription reagents protocalessribed in 4.2.3.1. Prior to cycling,
the amplification mix was heated to 95°C for 10 atés and then placed back on ice. The
RT conditions were as recommended in the TagMan®Re Transcription reagents and
incorporated optimised reaction duration and tewrupees identified from the first strand
synthesis optimization experiment (section 4.5These were 10 minutes at 25°C, 60

minutes at 46.4°C, 5 minutes at 95°C.

4.4 Standard curve production

Standard curves of real-time RT-PCR experimenteweoduced by amplifying a ten fold
dilution series of target in RNase/DNase free watermaster mix was prepared and
distributed into 0.2ml tubes prior to the additiaf template. Amplifications were

performed in triplicate under optimised conditio@n completion of the run, a standard
curve was produced using the Rotorgene softwaresidfer6, which was also used to

calculate amplification efficiency.
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4.5 Results

4.5.1 Optimization of thereversetranscription of RNA extracted from Atlantic

salmon macr ophages.

Optimization of reverse transcription conditions swgerformed using a gradient
thermocycler, a range of reverse transcription tittmaand temperature variables were used
to generate cDNA from a sample originating from RMoculated macrophages.
Optimization was performed in accordance with teeommendations contained in the
TagMan® Reverse Transcription reagents protocolisTheaction temperatures in the
range of 42°C to 52°C were tested together witlctrea durations ranging from 20 to 60
minutes (section 4.2.3.1). The cDNA produced was tamplified using the primers and
probes for the Mx and ELF-1 genes. The optimal ¢t for reverse transcription for
ELF and Mx were chosen by selected by the sampbdsaimplified at the earliest Ct value
as shown in Figure 9 and Figure 10. The conditioossidered to represent optimal
amplification parameters were 60 minutes at 46.47@ble 4). These experimental
parameters were subsequently used for reversectiainen in all RT-PCR experiments

performed in this study.
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tlaorm. Fluara,

Threshild
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Figure 9:Real time RT-PCR amplification using ELF-1 specifidmers and ELF-1 probe to

amplify a cDNA template derived from Poly I:C stitated macrophages. The following variables
in the reverse transcription step were investigateaction temperatures, 42°C, 46.4°C and 52°C;
reaction duration 20, 30, 40, 50, and 60 minutdse Fample showing the earliest Ct value
corresponded to reverse transcription conditiom@futes at 46.4°C (a). No template controls and

RT-minus controls were incorporated into amplificatruns (b).
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Narm. Fluora.,

Threshald
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Figure 10: Real time RT-PCR amplification using Bpecific primers and Mx probe to amplify a
cDNA template derived from Poly I:C stimulated nanages. The following variables in the
reverse transcription step were investigated: m@actemperatures, 42°C, 46.4°C and 52°C;
reaction duration 20, 30, 40, 50, and 60 minutdse Bample showing the earliest ct value
corresponded to reverse transcription conditiom@tutes at 46.4°C (a). No template controls and

RT-minus controls were incorporated into amplificatruns (b).
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Table 4: Ct values corresponding to the real timMleFECR amplification using both ELF-1 and Mx

specific primers along with ELF-1 and Mx specifimobes to amplify a cDNA template derived

from Poly I.C stimulated macrophages.

ELF-1 Average
sample Conditions Ct Ct
1 20 mins 42 26.31
2 20 mins 42 28.15 27.23
3 20 mins 46.4 25.85
4 20 mins 46.4 28.56 27.205
5 20 mins 52 25.97
6 20 mins 52 25.48 25.725
7 30 mins 42 28.63
8 30 mins 42 28.42 28.525
9 30 mins 46.4 28.66
10 30 mins 46.4 25.83 27.245
11 30 mins 52 26.98
12 30 mins 52 33.04 30.01
13 40 mins 42 26.5
14 40 mins 42 31.31 28.905
15 40 mins 46.4 25.18
16 40 mins 46.4 27.95 26.565
17 40 mins 52 27.45
18 40 mins 52 25.68 26.565
19 50 mins 42 26.34
20 50 mins 42 26.15 26.245
21 50 mins 46.4 28.86
22 50 mins 46.4 25.08 26.97
23 50 mins 52 26.59
24 50 mins 52 25.6 26.095
25 60 mins 42 30.38
26 60 mins 42 25.49 27.935
27 60 mins 46.4 25.68
28 60 mins 46.4 25.51 25.595
29 60 mins 52 25.81
30 60 mins 52 25.75 25.78
31 RT- 0
32 RT- 0 0
33 NTC 0
34 NTC 0 0

Mx Average
sample Name Ct Ct

1 20 mins 42 29.14

2 20 mins 42 28.7 28.92

3 20 mins 46.4 28.33

4 20 mins 46.4 28.23 28.28

5 20 mins 52 28.53

6 20 mins 52 28.83 28.68

7 30 mins 42 28.66

8 30 mins 42 29.84 29.25

9 30 mins 46.4 31.45

10 30 mins 46.4 27.7 29.575

11 30 mins 52 28.43

12 30 mins 52 28.64 28.535

13 40 mins 42 27.75

14 40 mins 42 28.26 28.005

15 40 mins 46.4 28.72

16 40 mins 46.4 28.5 28.61

17 40 mins 52 28.46

18 40 mins 52 29.17 28.815

19 50 mins 42 27.79

20 50 mins 42 27.95 27.87

21 50 mins 46.4 28.19

22 50 mins 46.4 28.35 28.27

23 50 mins 52 28.7

24 50 mins 52 28.83 28.765

25 60 mins 42 27.7

26 60 mins 42 28.33 28.015

27 60 mins 46.4 27.04

28 60 mins 46.4 26.87 26.955

29 60 mins 52 29.49

30 60 mins 52 28.68 29.085

31 RT- 0

32 RT- 0 0

33 NTC 0

34 NTC 0 0
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4.5.2 Sensitivity of real time RT-PCR assays

The amplification efficiencies for all the targatsestigated in this thesis were estimated by
amplifying a 10-fold dilution series of the geneget (Figure 11, Figure 13, Figure 15 and
Figure 17). Using the slope of the resulting tréiné the PCR efficiencies of the genes
were calculated through the Rotor-Gene softwarguiiéi 12, Figure 14, Figure 16, Figure

18). Table 5 shows that all of the efficienciestfue targets in this study were above 85%.
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Marm. Fluara.,
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45 Cycle

Figure 11: Real time RT-PCR amplification using ELFspecific primers and ELF-1 probe to
amplify a ten-fold dilution series of a cDNA tempdaderived from Poly I:C stimulated
macrophages. Amplifications were performed in icgtle. Target dilutions tested were’18), 16
(b), 1G (c), 1@ (d), 1d (e), No template controls and RT-minus controlseniacorporated into

amplification runs (f).

324 -| Cycling A FaMizyhr (Page 10
: R=0.99337
B R R R e S e R FA2=0 09674
' i hl=-3.351
BB -| B=351061
5 Efficiency=0.99
25 ................................... R e
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1001

Figure 12: Standard curve obtained from amplifwmatusing ELF-1 specific primers and ELF-1
probe produced using the Rotor-Gene software. Aroation efficiencies were calculated

according to the equation: E = If§lope].
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Morm, Fluara,
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Figure 13: Real time RT-PCR amplification using Bpecific primers and Mx probe to amplify a
ten-fold dilution series of a cDNA template derivém Poly I:C stimulated macrophages.
Amplifications were performed in triplicate. Targilutions tested were $@a), 10 (b), 1G (c), 16

(d), 1d (e), No template controls and RT-minus controlsenacorporated into amplification runs

).

: Cycling & FAMSywhr (Page 1)
e R i B =T
- R 2=0 96556
38 ! | M=-3.543
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Figure 14: Standard curve obtained from amplifmatusing Mx-specific primers and Mx-specific

probe produced using the Rotor-Gene software. Aroation efficiencies were calculated

according to the equation: E = Tf§lope].
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Figure 15: Real time RT-PCR amplification using WRBpecific primers and IPNV probe to
amplify a ten fold dilution series of cDNA deriveffom IPNV-infected macrophages.
Amplifications were performed in triplicate. Targblutions tested were 1@a), 13 (b), 1G (c), 16

(d), 10 (e), 16 (), No template controls and RT-minus controlsrevéncorporated into

amplification runs (g).

3 ! ! Cycling & FAMISyhr (Page 10
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Figure 16: Standard curve obtained from amplifmatusing IPNV-specific primers and probes

produced using the Rotor-Gene software. Amplifaatefficiencies were calculated according to

the equation: E = 10[slope].
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Morm. Fluaro.,

02 Threshad

'-nycIe

Figure 17: Real time RT-PCR amplification using I5pecific primers and IFN probe to amplify a
ten fold dilution series of a cDNA derived from PdIC stimulated macrophages. Amplifications
were performed in triplicate. Target dilutions &btwere 10 (a), 13 (b), 1¢ (c), 16 (d), No

template controls and RT-minus controls were inoajed into amplification runs (e).
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Figure 18: Standard curve obtained from amplifmatusing IFN-specific primers and probes
produced using the Rotor-Gene software. Amplifaratefficiencies were calculated according to

the equation: E = 10[slope].
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Table 5:Amplification efficiencies and R values for themeérs and probes used in this study

Target | R Value | Efficiency
ELF-1 | 0.99 0.99
Mx 0.98 0.92
IPNV | 0.99 0.98
IFN 0.99 0.85
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4.6 Discussion

4.6.1 Optimization of first strand cDNA synthesis

The RT step is the source of most of the variabihta quantitative RT-PCR experiment
(Freemanet al, 1999). Therefore, the conditions for the firstasd synthesis of cDNA
from the extracted RNA were optimised. Random hexamwere selected for the
production of cDNA from RNA extracted from macroglea. Random hexamer primers
contain all possible nucleotide sequences of asé lbéigonucleotide, and bind to multiple
points on target nucleic acid. They are particylarseful for targets with significant
secondary structure such as the IPNV genome. Todupts of RT reactions primed by
random hexamers can be split for use in several R@Rtions each utilising a different
gene-specific primer pair. This method maximisesrtbmber of genes that can be assayed
from a small sample (Freemanhal, 1999). As the expression of all targets willftman the
same cDNA, it was therefore necessary to use dtrsind primers that will amplify total
RNA. As IPNV does not have an poly-A tail it wad possible to use oligo d(T)16 primers
and therefore random hexamers were the most selithiolice for first strand synthesis. It is
necessary to acknowledge that the different prinmmeghods used to generate cDNA differ
significantly with respect to specificity and cDNJeld and variety (Bustiret al., 2005).
However as the cDNA is generated in the same wetla RT conditions are the same for
all of the targets studied these problems shoutdmpact on the work performed in this
thesis. RNA can exhibit significant secondary dute that affects the ability of the RNA-

dependant DNA polymerase (reverse transcriptaseg, tRTgenerate transcripts (Bustin,
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2000). The 10 minute denaturation of the total REAd primers prior to first strand
synthesis was incorporated in response to therfgsdof Lopez-Lastrat al., (1994). These
workers concluded that first strand synthesisesmiost important reaction step with respect
to amplification of IPNV, due to its double straddgenome. The use of a two step RT-
PCR method, i.e. separating the RT and the PCR,séspcompared to single step RT-PCR
provides a considerable advantage in that it presliaccDNA pool or library which can be
kept indefinitely (Bustin, 2000, Petees$ al, 2004), therefore other mRNA targets can be

guantified with relative ease provided that spegfimers and probes are available.

4.6.2 Selection of the housekeeping genefor usein relative quantitation by real-time

gRT-PCR

An ideal housekeeping gene should be expressedatstant level among different tissues
of an organism, at all stages of development, drild be unaffected by experimental
treatment (Zhanget al., 2005). Studies have shown that expression of soméhe
commonly used housekeeping genes can vary underimental conditions (Radont
al., 2004;Vandesompelet al, 2002; Schmittgen and Zakrajsek 2000). It is thmion of
Radonicet al.,(2004), that whilst it seems unreasonable thatrtrescription of any gene in
a living cell is absolutely resistant to cell cyéliectuations or nutrient status, it is important
to identify candidate genes that are least minynma@gulated during individual experiments
allowing the accuracy of RNA transcription analysisat real-time PCR offers.
Unfortunately, due to constraints imposed by fugdand time, it was not possible to
perform efficacy studies on internal control gerdserefore, a housekeeping gene (ELF-1)

was obtained from FRS Marine Laboratory, Aberdednch has successfully been used in
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real time RT-PCR studies of fish immune gene exgioes(McBeattet al, 2006); (Colleet

al., 2007); (Lockharet al.,2007).

4.6.3 Real-time quantitative PCR for IFN, Mx, IPNV and ELF-1

In this study MGB probes were used to monitor pobdaccumulation in real-time. The
choice of MGB probes was based on their successealat FRS laboratory, Aberdeen.
Probes of all types are more expensive than repdytes such as SYBR Green |, but they
permit sequence-specific detection, minimisingdgt®sitive reactions due to detection of
non-specific amplification products and primer dism@Peterst al.,2004). The advantage
of these MGB probes over the SYBR Green | DNA bagdprobes is based on the specific
binding between probe and target that is requioegenerate a signal, unlike SYBR Green
I, which binds to any double stranded DNA produckding amplification. Hydrolysis
probes achieve fluorescence by separating thedjnmre and quencher through the 5’ to 3’
endonuclease activity of Taq polymerase during eriextension (Steuerwaét al., 1999).
The use of probes with modified chemistry, suchhese containing high-affinity DNA
minor-groove binding moieties has further improvgdantitative PCR sensitivity by
increasing both probe hybridization and signal-tése ratios (Gracet al., 2003). The
probes used in this study were synthesised witMGB modifications, which raises the
effective melting temperature (Tm) of the probeeréby enabling the probe to be
significantly shorter (Ginzinger, 2002). Kutyavet al., (2000) have shown that MGB
probes with their shorter sequence lengths givéebetequence specificity and lower
fluorescent background in comparison with convergioTagMan probes. Hybridization

probes provide a very high sensitivity due to loackground fluorescence levels, however,
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as previously mentioned, there is a high cost yotresis of each new gene specific probe
(Kreuzeret al., 1999). As a lot of the work done in this studyatwed an investigation of
changes in expression of targets expressed aat@vedy low level, the use of these highly
sensitive and specific MGB probes was importante Tise such specific amplification
chemistry permitted detection of all targets stddiwer a concentration of several 1gg
The IFN gene, which was expected to be the mo8tulif to detect target due to its very
confined and short lived expression, could onlydbtected over a concentration range of 2
logio (Figure 17). PCR in this study was performed usingniversal PCR mastermix made
by Applied Biosystems. According to the manufaatsrenotes it is not necessary to
perform titration experiments to obtain optimal centrations of reaction components, such
as magnesium chloride, as their master mix is fpalty designed to provide optimal
performance for TagMan assays that use cDNA asbatrsiie under universal cycling
conditions. The amplification efficiency of a givgene can be estimated by amplifying a
10-fold dilution series of the gene target, and digtting the Ct values obtained as a
function of the logp of target concentration. The slope of the resgltirend line will be a
function of the PCR efficiency (Ginzinger, 2002h€Tresults of the present study show that
RT-PCR assays for all of the genes studied had gffadency values all above 90% apart
from IFN which had an efficiency of only 85% (Tal& According to Ginzinger (2002)
using the relative quantitation method requires tha PCR efficiencies of all genes be
similar and preferably at or above 90%. It was dedithat as only one gene had efficiency
below 90% it was still possible to use the relatumntitation method as there are relative
mathematical methods available that incorporate liiogtion efficiency correction into

their calculations and additionally do not requihe reaction efficiencies to be similar.
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Other studies have successfully utilised RT-PCRcgulares with efficiencies as low as

70% for quantitation (Jorgensenal.,2006).

4.6.4 Selection of method for quantification in real-time RT-PCR

Two different methods of analyzing data from reale, quantitative PCR exist: absolute
quantification and relative quantification (Livaknda Schmittgen, 2001). Relative
guantification is based on the relative expressiba target gene versus a reference gene
(Pfaffl, 2001) whilst absolute quantification ussesrially diluted standards of known
concentrations to generate a standard curve (Woddveendrano, 2005). The advantage of
absolute quantification is that it is easier to pane expression data between different days
and laboratories, because the calibration curverigies a fixed reference point (Pfaffl,
2002). However, absolute quantification requiresnimber of extra conditions and
treatments that relative quantification does noe¢kanet al., 1999). It was decided that
relative quantification would be adequate for as@lyf gene expression associated with
vitro activity, as the main emphasis would be on padtefrexpression over time in relation
to stimuli rather than the exact copy numbers ez genes at specific time points. The
decision regarding the choice of method used tdyaeahe results from this study was
made in reference to Table 6 from Wong and Med(@005) which compares the various
relative quantitation mathematical methods avadlabhd Figure 19, which is a flow
diagram, which recommends appropriate methods coimgethe nature of the results being

evaluated.
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Table 6:Characteristics of various relative quantitatiorthoels

M ethods Amplification Amplification Amplification Automated Excel-
Efficiency Efficiency Efficiency Based Program
Correction Calculation Assumptions
Standard Curve No Standard curve No experimentalNo
(Livak, 1997). sample variation
ComparativeC, (2% | Yes Standard curve Reference = | No
(Livak,Schmittgen, 2001) target
Pfaffl Yes Standard curve Sample = conttdREST
(Pfaffl, 2001)
Q-Gene Yes Standard curve Sample = control Q-Gene
(Muller, Janovjak, Miserez
Dobbie, 2002).
Gentle Yes Raw data Researcher No
(Gentle, Anastasopoulos, defines log-
McBrien, 2001). linear phase
Lui and Saint Yes Raw data Reference and | No
(Lui & Saint, 2002). target genes can
have different
target
efficiencies
DART-PCR Yes Raw data Statistically DART-PCR
(Peirson, Butler, Foster, defined log-
2003). linear phase
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Quantification Strategies in real time qRT-PCR

MW Fafft, BloSpekinim 2004 (Sonceraustabe PCR)

ahsolute quantification relative quantification
external calibration external calibration normalisation external
curve curve calibration
one color detection two color detection via one via reference curve without
system system reference gene index any referenece
SYBR Green | e.g. Probes, ROX gene >3 HKG nene
ROX ROX

v/

external calibration curve
+ RT-PCR product
. without real-time PCR with real-time PCR
* plasmid DNA efficiency correction efficiency correction
« N vitro transcribed RMNA * l
« gynthetic DMA Cligos
+ syhthetic RMNA Oligos 2 (-A4 CP) T_%S;;f?m?:r:

Key
ROX = Reporter dye associated with probe/beacon

HKG = Housekeeping gene

Figure 19: Flow diagram for the selection of a ditative mathematical method

(www.wzw.tum.de/gene-qguantificatipn
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The Pfaffl method for relative quantification wasosen for the following reasons. As the
amplification reaction efficiencies were not alindar the method required amplification
efficiency correction, a function which was not yiceed by the standard curve method.
According to Table 6 whilst the Comparative Ct'{2") method includes a correction for
non-ideal reaction efficiencies, it has been shawat when using this method the
amplification efficiencies of the target gene amderence genes must be approximately
equal, otherwise differences in efficiencies wi#dngrate errors (Livak and Schmittgen,
2001; Lui and Saint, 2002). Therefore, as Figursi®ws, this method is not suitable for a
test which requires efficiency correction, for themson the Pfaffl mathematical model was
used in the present study. REST is a softwarettwelktimate up and down-regulation for
gene expression studies. The purpose of RESTdsteymine whether there is a significant
difference between samples and controls, whilentakinto account issues of reaction
efficiency and reference gene normalisation. RES@suthe Pfaffl mathematical model to
generate relative expression ratios, and subsdgun@ significance of the results are
investigated using a randomisation test. Unfortelyatfrom talking to representatives for
the REST software, it is not possible to use RES&Ttime course experiments. Whilst the
developers of REST recognize this as a major lioaof the software, it is however still
possible to analyze the results of any experimeith wWe Pfaffl mathematical model
without the aid of the REST programme. The Pfaffithematical model combines gene
quantification and normalization into a single c#dtion (Wong and Mendrano, 2005).
According to Pfaffl (2001), this method has taketoiconsideration the mathematics of the
Comparative Ct (2* ) method in order to better understand the modétafata analysis

and for a more reliable and exact gene expres3ioa.Pfaffl method is simply calculated
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from the real-time PCR efficiencies and the cytieshold (Ct) deviation of an unknown
sample versus a control. This incorporation of aneplification efficiencies of the target
and reference (normalization) genes allows fordbeection of differences between two
assays (Wong and Mendrano, 2005). Table 6 showsntlegsence the Q-Gene method has
the same characteristics as the Pfaffl method, tiemen the basis of a literature search the
Pfaffl method appeared to be a more widely usedhaakeand it was for this reason that the
Pfaffl method was selected over the Q-Gene methaslthe opinion of Pfaffl, (2001) that
this mathematical method is an ideal and simplé¢ fimothe verification of amplification
results without the need for more complex and tomesuming quantification models based
on calibration curves. The Pfaffl method uses tiloWing equation as outlined in Figure

20.

o= ACt target (control-treated
ratio (Etarget) get ( )

ACt ref (control-treated
(Eref ) [ )

Key
E = Amplification efficiency of gene

Ct = Cyclethreshold

Figure 20: Pfaffl calculation for the relative egpsion in real time PCR (from Pfaéfl al, 2002).
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4.6.5 Explanation of components of Pfaffl calculation

The Pfaffl mathematical model for the calculatidireative expression in real-time PCR.
The relative expression ratio of a target geneaisutated based on its real-time PCR
efficiencies (E) and the Ct deviation)(of an unknown sample versus a contr@hubi-
sampld. Prior to treatments, RNA was extracted from ropbages to identify the normal
expression values for all of the targets inveséigah the experiment. This extraction was
termed “time 0” and the values were incorporatethiwithe Pfaffl relative quantification

calculation as the “control”.

4.7 Conclusion

This chapter is concerned with optimization of tbenditions for amplification and
subsequent detection of target mMRNA obtained frottamic salmon macrophages. The
results from chapters 3 and 4 can be used to sfatlgsdevelop ann vitro infectious
experimental protocol. Alongside the optimised mgake RT-PCR method, this will allow
experiments to be conducted whose results will bigiest to quantitative analysis to
advance understanding of how IPNV affects the mnatmune response within Atlantic

salmon head kidney macrophages.
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Chapter 5 - Innateimmune responsesin Atlantic salmon
macr ophages infected with IPNV: induction and effect of

immunostimulants

5.1 Introduction

Mammalian cells possess diverse defence mechamigansst viral infection, with one of
the most important of these being an antiviralestatiuced by type | IFN (Colledt al.,
2007). The mammalian IFN system has been charsetein detail at the molecular
level, however in fish, this system is poorly ursdeod (Johansert al., 2004).
Advancing current knowledge of the non-specificivardl defence mechanisms of
Atlantic salmon might help to explain this specisasceptibility to IPNV (Jensen and
Robertsen, 2002). In particular, innate immune @asps to IPNV within macrophages
are poorly characterised. Knowledge of macrophag®mune responses to IPNV could
facilitate the design of vaccination strategiesaanter IPNV, and breeding programmes
aimed at the production of IPN-resistant fish.

Immunostimulants are of potential importance fa tontrol of fish diseases and
may thus be useful in aquaculture of marine fishakéy 1999). The use of
immunostimulants in fish culture offers a wide rang attractive methods for inducing
and boosting protection against infectious diseé&aderson, 1992). The susceptibility
of Atlantic salmon to IPN is greatest in juvenilfeIcycle stages and in smolts shortly
after seawater transfer (Rgnnesetlal., 2006). It is the opinion of Anderson (1992) that

in cases where disease can be predicted, losseben@guced by elevating non-specific
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defence mechanisms through the use of immunostimtaulto prevent losses from
diseases. The non-specific immune system has eaVoblesvards recognition of
structurally conserved microbial polymers such @sgél cell wall B-glucans, bacterial
lipopolysaccharide (LPS), bacterial DNA and doutiended RNA (dsRNA)
(Robertsen, 1999). In the last decade, many studasse focused on the use of
immunostimulants in fish farming as alternatives supplements to vaccination or
chemotherapeutants (Salinat al., 2004). Currently used fish immunostimulants,
inclusive of both synthetic chemicals and biologgbstances have been reviewed Sakai
(1999); (Bricknell and Dalmo, 2005), however, them® no records of any of them
having an effect towards IPNV. Most of these stsdiave focused on the protection
against bacterial pathogens and/or non-specificumamparameters such as phagocytic,
complement or lysozyme activities whilst studiesinoreased protection against viral
infection are scarce. Thus, the ability of the inmostimulants macrophage activation
factor (MAF), lipopolysaccharide (LPS) and glucam protect macrophages from

infection with IPNV will be investigated in this apter.

The aims of this chapter are:
a) To determine whether IPNV infects Atlantic sahmteead kidney macrophages
in vitro and if so is it able to replicate? (i.e. to a leyeater than that contained
in the inoculums used to infect macrophages).
b) To characterise the IFN response of Atlantienssd macrophages to IPNV:

specifically to determine whether IPNV induces arx kesponse, how this
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compares to that induced by IFN, and whether IFfdcéd the replication and
persistence of IPNV within macrophages.

c) To investigate the effects of immunostimulants the macrophage IFN
response to IPNV. The effects of glucan, MAF andSLBn IFN and Mx

expression will be determined in IPNV-infected nmptrages and uninfected
controls. The effects of these immunostimulant$RiMV replication will also be

studied.

d) Preparations of IFN are required to perform éxeerimental work outlined
above, thus the chapter also includes a descritiaine methodology used to

produce IFN from Atlantic salmon head kidney matiages.

5.2 Materialsand Methods

5.2.1 Production of | FN-preparations from Atlantic salmon macrophages

Head kidneys were obtained from Atlantic salmon aasdlined in section 2.2.2.
Macrophages were isolated on 51% percoll as destiilb section 2.2.3 and maintained
in culture as described in section 2.2.5. Afteridirs the macrophages were washed
once in L-15 medium and then cultured in the saneeliom containing Poly I:C as
described in section 4.2.2, whilst control wellsaiged only L-15 medium in place of
Poly I:C. After 12 hours, the cells were washeeé¢htimes with L-15 medium and then
cultured in fresh L-15 supplemented with 50 units" penicillin, 5Qug mI* streptomycin

and 5% FCS, at 15°C. The culture medium was hasdesfter 48 hours, centrifuged for
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10 minutes at 400 x g and then the supernatangédsiaraliquots at -70°C until assayed

for IFN activity.

5.2.2 Efficacy of IFN-preparationsin stimulation of Mx response

Detection of IFN-like activity in the macrophagepsmatants was performed using
RTG-P1 cells, obtained from the Marine laboratoAherdeen. RTG-P1 cells are
transfected with a luciferase reporter gene unddercontrol of the Mx promoter gene
(Collet et al., 2004), thus the transcriptional activity of the Msomoter can be readily
guantified through luciferase assays. RTG-P1 ceMse cultured in L-15 medium
supplemented with 10% FCS and 200ug Mdeomycin (Sigma) at 20°C. RTG-P1 cells
were grown to 100% confluence and seeded onto plates and incubated overnight
at 20°C. The following day 500ul of the macrophagpernatant was added to the RTG-
P1 cells in triplicate wells and incubated for 48uts at 20°C. Controls received
supernatants originating from untreated macrophagesL-15 medium which had no
previous contact with macrophages. The supernataete removed and 100ul of
luciferase substrate (Steady-Glo, Promega) wasdatidthe wells for 2 minutes and the

resulting cell lysate was stored at -70°C priateiing for luciferase expression.

5.2.3 Luciferase assay

Luciferase activity was measured by a luciferin-Aagsay and photon emission was
measured using a MLX luminometer (Dynex Tecnholdgy)ecording the integrated sum
of light emitted for 10 seconds and expressed lasive light units (RLU). Results are

expressed as the mean (N=3) + SD of the lucifeaatieity expressed by RTG-P1 cells.
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Data was analysed on the MINITAB software packagealone-way ANOVA, and a
Tukey’s test was used perform comparisons betwleenuciferase activating properties
of the IFN supernatants. Differences were consdlestatistically significant when

P<0.05.

5.2.4 Production of MAF containing super natants by salmon leucocytes

Head kidneys were obtained from Atlantic salmomatiined in section 2.2.2. The head
kidney cell suspension was layered over 51% pegrallients and centrifuged at 400 x g
for 30 minutes at 4°C. The leucocyte fraction waswoved from the percoll-medium
interface and then washed in serum free L-15 medilma leucocytes were adjusted to a
concentration of 5 x ID live cells/ml L-15 medium containing 5 x 10M 2-
mercaptoethanol (2ME). 25¢nissue culture flasks were then seeded with 5igliats

of the leucocyte suspension and pulsed for 3 haut$°C with concanavalin A (ConA);
(Sigma) 10pg/mt and 5ng/mt phorbol myristate acetate (PMA); (Sigma). Cellgave
then washed three times with phosphate bufferedestd remove any residual ConA and
PMA and cultured in L-15 medium containing 10% F&S15°C. Immediately after
addition of the medium, 300ul was removed from etabk and frozen to provide a
control to show that any observed effects resoinfthe MAF supernatant and not from
any remaining residual Con A or PMA. After 48 hqutse supernatants were harvested,

centrifuged and stored at -70°C until use.
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5.2.5 Measurement of MAF activity

Head kidneys were obtained from Atlantic salmon aasdlined in section 2.2.2.
Macrophages were isolated on 51% percoll as destiilb section 2.2.3 and maintained
in culture as described in section 2.2.5. The sa#ipension was seeded into 96 well
culture plates, adding 1Qabto each well. Unattached cells were washed daéré8 hours
and the macrophage monolayers were maintainedlib inedium supplemented with 50
units mI* penicillin, 5Qug mI* streptomycin and 5% FCS overnight. The followiray d
the culture medium was removed and replaced witiFMAntaining supernatants diluted
1:4 and 1:8 in L-15 medium, 10% FCS and 5 xX>1@ 2ME. These macrophage
monolayers were incubated with the MAF supernatémtgl8 hours. After incubation,
the macrophage activating properties of the supant& were evaluated by respiratory
burst assays. Triplicate wells in 96 well platesnafcrophages were incubated with 100ul
of L-15 medium containing 1mg/ml nitroblue tetramat (NBT); (Sigma) and 1ul/ml
PMA for 30 minutes whilst control wells were inctéa with 100ul of L-15 medium
containing 1mg/ml NBT. The reaction was stoppedfiging the macrophages with
100% methanol, followed by washing with 70% metHaonoremove any extracellular
formazan. The reduced intracellular formazan wdsbhded in 120ul 2M potassium
hydroxide (KOH) and 140ul dimethyl sulfoxide (DMSQhe plates were then read at a

wavelength of 620nm using a plate reader.
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5.2.6 Lipopolysaccharide (L PS) and glucan

LPS was kindly provided by Remi Gratacap, Departmeih Aquaculture, Stirling
University, and was extracted from the marine pgé&md/ibrio anguillarumusing butan-
1-ol (Gratacappers comm.). Laminarin was purchased from Sigmarder to make the
glucan supernatants. Laminarin and LPS were readspein L-15 medium to 10@ ml

! and 1Qug mI™* respectively.

5.2.7 Isolation of macrophagesto obtain macrophage monolayersfor in vitro

experiments

Head kidneys were obtained from Atlantic salmorttfse 2.2.2) and macrophages were
isolated on 51% percoll as described in 2.2.4. Maltages were seeded into 24 well
plates at concentrations of 2 x 1@ells mi* and maintained at 15°C as described in

section 2.2.5.

5.2.8 Invitrovirusinfection in isolated macrophages

In this chapter, two experiments were performedstly, a trial infection of Atlantic
salmon head kidney macrophages with IPNV was cdedu@s this thesis is concerned
with the interaction between IPNV and the macroghagate immune response, it was
necessary to demonstrate that Atlantic salmon mpaages could be infected with IPNV
(i.e. — that the level of IPNV in infected macrogka increases over that contained in the
inoculum used to infect these cells). To conduetdgkperiment, macrophage monolayers

were processed following the guidelines as setbeldw regarding the positive control
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group and negative control group. The IPNV levelsniacrophages were examined by
conducting RNA extraction on the macrophage morekymmediately after infection
(time 0) and at days 1,3,5,7 and 9 days post-iimiecfollowing the modified protocol as
described in section 3.2.5. In the second expetirtienability of a number of different
immunostimulants to protect macrophages from indectvith IPNV were investigated.
To conduct this experiment the macrophage monatayesre processed in triplicate
using one of the following ten treatments at 15ft@culation of virus for the treatment

groups was performed as described in section 2.2.7.

a) IFN-stimulated group. Macrophages were incubdted24 hours with IFN
supernatants only.

b) IFN-stimulated and IPNV-infected group. Macrogés were incubated for 24
hours with IFN supernatants prior to infection wii#NV at an MOI of 1.

c) LPS-stimulated group. Macrophages were incub&de®4 hours with L-15
medium, supplemented with 50 units nenicillin, 5Quig mI* streptomycin and
5% FCS, containing LPS at 1§ mI* only

d) LPS-stimulated and IPNV-infected group. Macragsawere incubated for 24
hours with L-15, supplemented with 50 units "mpenicillin, 5Qug ml*
streptomycin and 5% FCS, containing LPS agdléni prior to infection with
IPNV at an MOI of 1.

e) MAF-stimulated group. Macrophages were incub&e®4 hours with MAF
diluted 1:8 in L- 15 medium, supplemented with B@tsimi* penicillin, 5Qug mr

! streptomycin and 5% FCS only.
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f) MAF-stimulated and IPNV-infected group. Macroglea were incubated for 24
hours with MAF diluted 1:8 in L-15 medium, supplemed with 50 units m
penicillin, 5Qug mi* streptomycin and 5% FCS, prior to infection wilhiNlV at
an MOl of 1.

g) Glucan-stimulated group. Macrophages were intaabBor 24 hours with L-15
medium, supplemented with 50 units henicillin, 5Quig mI* streptomycin and
5% FCS, containing glucan at 3@mi* only.

h) Glucan-stimulated and IPNV-infected group. Matrages were incubated for
24 hours with L-15 medium, supplemented with 5asunil* penicillin, 5Qug mr

! streptomycin and 5% FCS, containing glucan atu@O®* prior to infection
with IPNV at an MOI of 1.

i) Positive control group. Macrophages were infdatéth IPNV at an MOI of 1.

J) Negative control group. Macrophages were mai@di in L-15 medium
supplemented with 50 units thpenicillin, 5Qug ml* streptomycin and 5% FCS

at 15°C.

Between 1-9 days post treatment the monolayers washed three times with L-15
medium and the RNA was extracted following the rfiediTRIzol protocol as described
in section 3.2.5. RNA was extracted from macrophagaolayers sampled on a daily
basis until 9 days post infection from macrophagesips a and b as described in section.
However, RNA was extracted from macrophage groupshoon 1, 3, 6 and 9 days post
infection. In these latter groups, reducing the hanof sampling time points lowered the

number of macrophages required to perform an exyet. The reduction in sampling
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points did not compromise results as the samploigtp were carefully selected so as to

permit analysis of expression of the chosen targgdisequent to treatment.

5.2.9 Real timeq RT-PCR of extracted RNA

The quality and quantity of the extracted RNA wenealuated using a Nanodrop
Spectrophotometer. All samples were diluted to §dnn RNAse/DNAse free water
prior to first strand synthesis. Two-step RT-PCRsweerformed on extracted RNA
following the steps outlined in section 4.2.3 an8. All the samples were tested for the
presence of Mx, IFN and IPNV. The results of thal tene amplification of each target
was expressed as a ratio to the internal RT-PCRralokLF-1, using the Pfaffl
mathematical equation for relative quantificatidniglire 20). Prior to treatments, RNA
was extracted from macrophages to identify the abewpression values for each of the
targets investigated in the experiment. This tinmnpwas termed “time 0” and the

experimental data obtained from it was used inréegive quantitation calculation.

5.2.10 Statistical analysisof gene expression in macrophages

Results are expressed as the relative expresdionbetween the target of interest and
ELF-1 house keeping gene. Data was analysed oNIiNETAB software package by a
two way ANOVA, and a Tukey's test was used to penfanultiple comparisons to
determine the differences between the treatmendstiame during the course of the

experiment. Differences were considered statisyicanificant when P<0.05.
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5.2.11 Detection of extracellular |PNV

Prior to extraction of RNA from the macrophage mawger the culture medium was

tested for the presence of extracellular IPNV adeed in section 2.2.8.

5.3 Reaults

5.3.1 IPNV levelsin infected macrophages

Levels of IPNV in infected macrophages and unirdéatontrols were monitored by real
time RT-PCR and were calculated relative to theresgion of the “housekeeping gene”
ELF-1 (Figure 21 and Figure 22). The two way ANOY&Ssults of Figure 23 shows that
both treatment, time and a combination of treatnaet time had a significant effect on
IPNV:ELF-1 expression (P=0.001). The Tukey tesesded that there was a significant
difference between IPNV levels immediately aftefeation (i.e. time 0), and at
subsequent time points (day 1 P = < 0.0001, day3dm®001, day 5 P =< 0.0001, day 7
P = 0.0002, day 9 P = 0.0006). IPNV levels wereated at all time points studied, and
were greatest at days 1, 3, and 5 post infectigarBi24. These data strongly suggest that
IPNV has the ability to replicate in Atlantic salmbead kidney macrophages maintained

in vitro. No IPNV was detected in uninfected control mabeges.
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Figure 21: IPNV levels in infected Atlantic salmamacrophages and uninfected controls. The
figure shows a RT-PCR amplification plot perfornveith ELF-1 and IPNV-specific primers and
probe of macrophage cDNA. The cDNA samples wekertdrom IPNV-infected macrophages
and controls at 0 hours (a) and 24 hours (b) pdetiion. IPNV levels were quantified relative to
expression of the housekeeping gene ELF-1 (c) usiegnethod described by Pfaffl for relative
guantification. The difference in IPNV Ct valuedween the time 0 and 24h samples (a and b) is
clearly evident, whereas the Ct values for ELF-dnfrthese time points remains relatively

constant (c). No template controls and RT- contnase incorporated into amplification runs (d).
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Figure 22: IPNV levels in infected Atlantic salmamacrophages and uninfected controls. The
figure shows an RT-PCR amplification plot performeih ELF-1 and IPNV-specific primers
and probe of macrophage cDNA. The cDNA samples wten from IPNV-infected
macrophages and controls at 5 days post infectlitidV levels (a) were quantified relative to
expression of the housekeeping gene ELF-1 (b) utiiegmethod described by Pfaffl. No

template controls and RT- controls were incorpar@téo amplification runs (d).

Anal ysis of Variance for Ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F P
Ti me 4 346998335 346998335 86749584  20.14 0.001
Tr eat ment 1 246442562 246442562 246442562 57.22 0.001
Ti me* Tr eat ment 4 346856241 346856241 86714060 20.13 0.001
Error 20 86141676 86141676 4307084

Tot al 29 1026438814

Figure 23: Two way ANOVA results for relative IPNBL:F-1 expressed in IPNV inoculated
Atlantic salmon head kidney macrophages and negatontrols over time. Differences were

considered statistically significant when P <0.05.
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Figure 24: Levels of IPNV in Atlantic salmon headrey macrophages and uninfected controls
detected by gRT-PCR. IPNV levels were studied avperiod of 9 days post-infection, and were
guantified in relation to expression of the housglieg gene ELF-1 using method described by
Pfaffl.
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5.3.2 Preparation of | FN-preparations

IFN for use in macrophage stimulation experiments wroduced by harvesting the
culture medium of cells stimulated with poly I:Chieh is a potent IFN-inducer. The
efficacy of IFN preparations was tested with a RT@ell-based assay that utilised a
luciferase reporter gene. A triplicate of IFN pregions were tested, these were
designated Poly 1, Poly 2, Poly 3 and Poly neguifei@5). The one way ANOVA results
(Figure 26) shows that there is significant differe in the ability of the IFN supernatants
to induce luciferase activity (P = 0.001). The tukest revealed that after 24 hours of
stimulation with IFN there was a significant incsean luciferase activity (P = <0.0001)
in RTG-P1 cells compared to negative controls (RIT@ells receiving no Poly I.C
treatment or L-15 medium). IFN-preparation “Poly firiduced expression of the
luciferase reporter to the greatest extent; theeefihis preparation was selected for use

in macrophage stimulation experiments.
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Figure 25: Induction of the Mx-promoter reportengectivity by IFN containing supernatants in

RTG-P1 cells. Histogram bars represent mean lastenactivity expressed in RLU (N = 3) £ SD.

* indicates that the RLU value of an IFN prepanatigas significantly greater than that exhibited

by the negative control (P < 0.05).

Anal ysis of Variance for Luciferase activity, using Adjusted SS for Tests

Sour ce DF Seq SS
Tr eat ment 4 37143087
Error 10 599132
Tot al 14 37742220

Adj SS Adj M5 F P
37143087 9285772 154.99 0.001
599132 59913

Figure 26: One way ANOVA results for Luciferaseivty expressed in RTG-P1 cells stimulated

with IFN supernatant compared to negative contmifferences were considered statistically

significant when P <0.05.
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5.3.3 Assessment of MAF activity in supernatants

It was not possible to confirm the efficacy of th&\F preparations used in this study.
Numerous attempts were performed to test the MAdpgmations; however, no positive

results were obtained.

5.3.4 Expression of innateimmune genes by Atlantic salmon macrophagesin

responseto | FN treatment

According to Colletet al., (2007) the expression of Mx is up-regulated aRety I.C
treatment or incubation with conditioned medium teaming an IFN-like activity.
Therefore, as Mx is widely regarded as a markelFdr expression (Robertseet al.,
1997; Nygaarckt al.,2000), incubation of the Atlantic salmon macropdsawith the IFN
preparations described in section 5.2.1 shouldaedE&N expression. However, no IFN-
expression occurred in any of macrophage groupsiestuthroughout the course of the
experiment (Figure 27). The two-way ANOVA report I6EN:ELF-1 expression shows
that there is no significant difference in the ipibf the treatments (P = 0.948), time (P =
0.130) or a combination of treatment and time (P.689) to induce IFN expression
(Figure 28). The tukey test revealed that there masignificant difference in levels of
IFN expression between IPNV-infected macrophages @amnfected controls at any
sampling point studied (P = 1.0000). However, somerimental groups of
macrophages did exhibit elevated expression of kxession (Figure 29). This could

potentially be a reflection of the time points aloesn this series of experiments. It is
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theoretically possible that transient IFN expresstould occur in the initial stages of
infection. Such expression would not be detectetflisiexperiment because of the timing
of sampling points. The two way ANOVA report of NBLF-1 expression shows that
there was a significant difference in the abilifytioe treatments (P = 0.001), time (P =
0.001) and a combination of time and treatment (P087) to induce Mx expression. The
tukey test revealed that uninfected macrophageswukited with IFN exhibited
significantly increased levels of Mx expressiorcampared to unstimulated controls day
1, 3,4,5, 7 P =0.0001; day 2 P = 0.0004; day=8(P0089; day 9 P = 0.0002) (Figure
29). For both groups of macrophages stimulated ikth Mx expression was greatest at
2 days post treatment, and was elevated througtimitcourse of the experiment.
Interestingly, macrophages that were treated WitN prior to infection with IPNV
exhibited levels of Mx expression that closely mied those occurring in IFN-treated
but uninfected macrophages. There was no signifiddference between levels of Mx
expression within these two experimental groupasngttime point studied (P = 1.0000).
Interestingly, Mx expression in IPNV-infected mamhages was not statistically different
from that observed in uninfected controls at anthefsampling time points (P >0.9929).
This result suggests that IPNV-infected macrophalgesot exhibit increased expression

of Mx.
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Figure 27: IFN expression in Atlantic salmon headnky macrophages determined by gRT-
PCR. The following experimental groups were studig IPNV-infected; (b) IFN-stimulated
and IPNV-infected; (c) IFN stimulated and (d) uaterd macrophages. Expression of IFN was
investigated over a period of nine days post-idecand was estimated in relation to expression
of the housekeeping gene ELF-1. Data represent tR&aELF-1 ratio (N = 3) £ SD.

Anal ysis of Variance for IFN.ELF-1 ratio,

Sour ce DF
Ti e 7
Tr eat nmen 3
Ti me*Treatnren 21
Error 64
Tot al 95

Seq SS
0. 0020073
0. 0000615
0. 0055969
0. 0109333
0. 0185990

Adj SS
0. 0020073
0. 0000615
0. 0055969
0. 0109333

using Adjusted SS for Tests

Adj M5
0. 0002868
0. 0000205
0. 0002665
0. 0001708

F P
1.68 0.130
0.12 0.948
1.56 0.089

Figure 28: Two way ANOVA results for relative IFN:E-1 expression in (a) IPNV-infected; (b)
IFN-stimulated and IPNV-infected; (c) IFN stimuldtand (d) untreated Atlantic salmon head

kidney macrophages over time. Differences were idensd statistically significant when

P<0.05.
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Figure 29: Mx expression in Atlantic salmon headhley macrophages determined by qRT-PCR.
The following experimental groups were studied: IRNV-infected; (b) IFN-stimulated and
IPNV-infected; (c) IFN stimulated and (d) untreatethcrophages. Expression of Mx was
investigated over a period of nine days post-ind&cand was estimated in relation to expression
of the housekeeping gene ELF-1. Data represent iMedalF-1 ratio (N = 3) + SD.

Anal ysis of Variance for M:ELF-1 ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj MS F P
Ti me 7 31. 865 31. 865 4,552 10.88 0.001
Tr eat men 3 292. 005 292. 005 97.335 232.69 0.001
Ti me*Treatnen 21 19. 629 19. 629 0. 935 2.23 0.007
Error 64 26. 771 26. 771 0.418

Tot al 95 370. 270

Figure 30: Two way ANOVA results for relative Mx:EEL expression in (a) IPNV-infected; (b)

IFN-stimulated and IPNV-infected; (c) IFN stimuldtend (d) untreated Atlantic salmon head
kidney macrophages over time. Differences were idensd statistically significant when

P<0.05.
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5.3.5 Expression of innateimmune genes by Atlantic salmon macrophagesin

response to treatment with immunostimulants.

No IFN or Mx expression was detected in macrophagedged with either MAF, glucan,
or LPS (Figure 31 and Figure 33). The absence of afi@ IFN expression within
immunostimulant treated macrophages may be a coaseq of the inability of the these
substances to induce a macrophage type | IFN respdrhe results also suggest that
IPNV infection of macrophages may result in supgiaas of the IFN response. The two-
way ANOVA results of Figure 32 shows that neitheratment (P = 0.151), time (P =
0.579) or a combination of treatment and time (@390) had a significant effect on the
expression of IFN. Likewise, the two-way ANOVA réiswof Figure 34 show that neither
treatment (P = 0.381), time (P = 0.914) or a comtgm of treatment and time (P =
0.232) had a significant effect on Mx expressiohe Tukey test revealed that there was
no significant difference in the IFN expressionet¢¢d in infected macrophages and in
negative controls at any time in the experiment(P.0000). No experimental groups
(i.e. experimental groups c-h (section 5.2.8) eixdib an Mx response that was
significantly greater than that occurring in negati controls. MAF-containing
supernatants, glucan and LPS did not induce Mxesgion within macrophages at any
time point during the experiment. Interestingly, amegphages failed to produce Mx
response in response to IPNV infection, in agreé¢nvath results from the IPNV-
infected positive control group in the experimeascibed above (section 5.3.4). IPNV-
infected positive control macrophages showed naifsignt increase in expression of
Mx when compared to the negative control macrophageany of the sampling points

studied (P = 1.0000 at days 1, 3 and 6 with P 8415lay 9).
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Figure 31: IFN expression in Atlantic salmon headnky macrophages determined by gRT-
PCR. The following experimental groups were stud{@) IPNV-infected; (b) MAF-stimulated
and IPNV-infected; (c) MAF stimulated (d) glucamstlated and IPNV-infected; (e) glucan
stimulated (f) LPS-stimulated and IPNV-infected;) (4.PS stimulated; (h) Untreated
macrophages. Expression of IFN was investigated aveeriod of nine days post-infection and
was estimated in relation to expression of the ékesping gene ELF-1. Data represent mean

IFN:ELF-1 ratio (N = 3) + SD.

Anal ysis of Variance for IFN.ELF-1 ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F P
Ti me 3 0.0001281 0.0001281 0.0000427 0.66 0.579
Treat men 7 0.0007240 0.0007240 0.0001034 1.60 0.151
Time*Treatmen 21 0.0021135 0.0021135 0.0001006 1.56 0.090
Error 64 0.0041333 0.0041333 0.0000646

Tot al 95 0.0070990

Figure 32: Two way ANOVA results for relative IFN:E-1 expression in (a) IPNV-infected; (b)
MAF-stimulated and IPNV-infected; (c) MAF stimuldte(d) glucan-stimulated and IPNV-
infected; (e) glucan stimulated (f) LPS-stimula@al IPNV-infected; (g) LPS stimulated; (h)
Untreated Atlantic salmon head kidney macrophages @ime. Differences were considered

statistically significant when P<0.05.
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Figure 33: Mx expression in Atlantic salmon headhley macrophages determined by qRT-PCR.
The following experimental groups were studied: IR@NV-infected; (b) MAF-stimulated and
IPNV-infected; (c) MAF stimulated (d) glucan-stimtéd and IPNV-infected; (e) glucan
stimulated (f) LPS-stimulated and IPNV-infected;) (¢-PS stimulated; (h) Untreated
macrophages. Expression of Mx was investigated aveeriod of nine days post-infection and
was estimated in relation to expression of the @kesping gene ELF-1. Data represent mean

Mx:ELF-1 ratio (N = 3) + SD.

Anal ysis of Variance for M:ELF-1, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj MS F P
Ti me 3 0.0000365 0.0000365 0.0000122 0.17 0.914
Tr eat men 7 0.0005323 0.0005323 0.0000760 1.09 0.381
Time*Treatnen 21 0.0018552 0.0018552 0.0000883 1.27 0.232
Error 64 0.0044667 0.0044667 0.0000698

Figure 34: Two way ANOVA results for relative Mx:EL1 expression in (a) IPNV-infected; (b)
MAF-stimulated and IPNV-infected; (c) MAF stimuldte(d) glucan-stimulated and IPNV-
infected; (e) glucan stimulated (f) LPS-stimulatud IPNV-infected; (g) LPS stimulated; (h)
Untreated Atlantic salmon head kidney macrophages time. Differences were considered

statistically significant when P<0.05.
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5.3.6 IPNV levelsin IFN-treated macrophages

Levels of IPNV in infected macrophages treated WiN and untreated controls (i.e.
experimental groups b and i, section 5.2.8) weraitaced by real-time RT-PCR. IPNV
was detected in both experimental groups of ma@oeh that were infected with this
virus (Figure 35). These included macrophages tiadt been exposed to IFN prior to
infection indicating that IFN does not protect nogairages from infection with IPNV.
The two-way ANOVA results (Figure 36) show thatatreent (P = 0.001), time (P =
0.002) and a combination of time and treatment @P061) had a significant effect on
IPNV expression. The tukey test revealed that tlegative control macrophages
exhibited statistically different IPNV:ELF-1 expsésn compared to those treated with
IFN + IPNV (P = <0.0001) and IPNV (P = <0.0001 dhdays apart from day 2; P =
0.9929) throughout the duration of the experim&PhV levels were elevated at 1 day
post-inoculation, and peaked at 5 days in posittemtrol infected macrophages.
However, there was no significant difference betwde IPNV:ELF-1 ratios on day 1
and 5 post infection (P = 1.0000) or day 4 and &t jfection (P = 0.9222). Infected
macrophages stimulated with IFN exhibited peaksviavels at 3 days post-inoculation.
However there was no significant difference betwday 1 and 3 (P =1.0000) or day 2
and 3 (P = 1.0000). Therefore, as an increasesimian IPNV:ELF-1 data was observed
(Figure 35) it is probable that the virus repleghin the macrophages following infection
at a low level. Virus levels tended to decreaséhatlater time points; therefore, it is
possible that intracellular virus may have beerk&nodown by the macrophages. The
absence of infectious IPNV in the growth mediardécted macrophages as assessed by

virus isolation in CHSE-214 cells lends support thes conclusion. There was a
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significant difference between the IPNV:ELF-1 ratccurring on day 1 and that
occurring on day 9 for IFN-stimulated and IPNV-ictied macrophage groups (P =
0.0011). However there was no significant diffeeenn IPNV levels on day 1 (P=
0.9503) day 5 (P = 0.1170) and day 9. This suggists IFN treatment promotes a
reduction in IPNV levels in infected macrophagehijolv could limit the ability of IPNV

to persist in these cells. No IPNV was detectedédgative control groups (uninfected-

macrophages, and IFN stimulated uninfected maciggs)a
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Figure 35: IPNV expression in Atlantic salmon hddgdhey macrophages determined by gRT-
PCR. The following experimental groups were studig IPNV-infected; (b) IFN-stimulated

and IPNV-infected; (c) IFN stimulated and (d) uaterl macrophages. Expression of IPNV was
investigated over a period of nine days post-indecand was estimated in relation to expression

of the housekeeping gene ELF-1. Data represent iR ELF-1 ratio (N = 3) + SD.

Anal ysis of Variance for IPNV:ELF-1, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F P
Ti me 7 11.594 11. 594 1.656 3.70 0.002
Treat men 3 1598. 458 1598. 458 532.819 1189.14 0.001
Ti me*Treatmen 21 32. 432 32.432 1.544 3.45 0.001
Error 64 28.676 28.676 0. 448

Tot al 95 1671. 160

Figure 36: Two way ANOVA results for relative IPNBLF-1 expression in (a) IPNV-infected;
(b) IFN-stimulated and IPNV-infected; (c) IFN stitated and (d) untreated Atlantic salmon head

kidney macrophages over time. Differences were idensd statistically significant when

P<0.05.
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5.3.7 IPNV levelsin immunostimulant-treated macr ophages.

Treatment of macrophages (experimental groups c4ttion 5.2.8) with
immunostimulants did not prevent infection with N?Nsince infected macrophages
exhibited raised IPNV:ELF-1 ratios compared to @eated cells (Figure 37). The two-
way ANOVA results (Figure 38) shows that treatm@ht 0.001), time (P = 0.001) and a
combination of treatment and time (P = 0.012) hadignificant effect on IPNV
expression. The tukey test revealed that a sigmfidifference in IPNV:ELF-1 ratios
was evident between the negative control macroghage those exposed to LPS and
IPNV, IPNV, MAF and IPNV, and glucan and IPNV treents throughout the duration
of the experiment (P = 0.0001). As expected maagph treated only with
immunostimulants and the negative control treatmgrmup showed the lowest
IPNV:ELF-1 ratio of all experimental groups. Machages receiving only glucan, LPS
or MAF were all shown to have significantly diffatelPNV:ELF-1 ratios (P = 0.0001)
compared to those receiving glucan + IPNV, LPS NVRor MAF + IPNV for all of the
sampling points. The highest IPNV:ELF-1 ratios webserved in macrophages treated
with MAF and glucan prior to exposure to IPNV. Maghages stimulated with MAF
prior to infection with IPNV were found to have sificantly different IPNV:ELF-1
ratios compared to IPNV infected positive contr@damphages at 6 days (P = 0.0001)
and 9 days post infection (P = 0.0015). Similarhgcrophages stimulated with glucan
prior to infection were also found to have sigraftly different IPNV:ELF-1 ratios
compared to IPNV infected positive control macrag®son day 6 (P =0.0071) and 9
days post treatment (P = 0.0091). Macrophages kttetuwith MAF and glucan prior to

infection exhibited similar levels of IPNV:ELF-1ti@s over time, with increases evident
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from day 1 that peaked at day 6, however theseases were not statistically significant
for either MAF (P =0.2069) or glucan (P =0.4628)NV:ELF-1 ratios subsequently

declined between days 6 and day 9. Whilst Figursl®ived an increase in IPNV:ELF-1
ratios during the experiment, the increase in IFR\F1 ratios between day 1 and 9 post
infection was not proven significantly differenttime macrophages stimulated with MAF
(P =0.6733), glucan (P = 0.7128) or LPS (P =84 %rior to infection. In the positive

control group there was also no significant differe between the day 1 and 9
IPNV:ELF-1 ratios (P = 0.9999). As observed in tR&lV infected macrophages in the
IFN experiment (section 5.3.6) whilst there appdarbe an increase in the IPNV levels
(Figure 35), this did not attain statistical sigraihce. Therefore, it is likely that the virus
replicated at low levels in the macrophages foltayinfection. This suggests that, as
there was no significant reduction in the viraldisvduring the experiment MAF, glucan
or LPS are unlikely to represent effective treattadar IPN. However, it is possible that
these substances could influence immune functiaceintypes other than macrophages.
No IPNV was detected in negative control groupsnfiected macrophages, and MAF,

glucan and LPS stimulated uninfected macrophages).
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Figure 37: IPNV expression in Atlantic salmon héathey macrophages determined by qRT-
PCR. The following experimental groups were studi@) IPNV-infected; (b) MAF-stimulated
and IPNV-infected; (c) MAF stimulated (d) glucaimatlated and IPNV-infected; (e) glucan
stimulated (f) LPS-stimulated and IPNV-infected) (S stimulated; (h) untreated macrophages.
Expression of IPNV was investigated over a peribdie days post-infection and was estimated
in relation to expression of the housekeeping dgeltfe-1. Data represent mean IPNV:ELF-1 ratio
(N=3)+SD.

Anal ysis of Variance for IPNV:ELF-1 ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F P
Ti me 3 12.785 12. 785 4.262 31.12 0.001
Tr eat ment 7 706. 160 706. 160 100.880 736.69 0.001
Ti me* Treat ment 21 6. 080 6. 080 0. 290 2.11 0.012
Error 64 8. 764 8. 764 0. 137

Tot al 95 733.789

Figure 38: Two way ANOVA results for relative IPNBLF-1 expression in (a) IPNV-infected;
(b) MAF-stimulated and IPNV-infected; (c) MAF stitated (d) glucan-stimulated and IPNV-
infected; (e) glucan stimulated (f) LPS-stimula@al IPNV-infected; (g) LPS stimulated; (h)
untreated Atlantic salmon head kidney macrophages @me. Differences were considered

statistically significant when P<0.05.
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5.3.8 Determination of IPNV levelsin the culture media of infected macrophages

No CPE was observed in CHSE-214 monolayers incatdilaith culture media from any
experimental group of IPNV-infected macrophagesis Tihdicates that IPNV-infected
macrophages do not release virus into the macrapbalgure medium during the course
of the experiments. In response to IPNV infectidnhas been observed in both
experiments that the IPNV-infected macrophagesatcerpress Mx (sections 5.3.4 and
5.3.5). This observation, combined with the resoftthe present experiment suggest that
IPNV may have the ability to suppress the typeN Hesponse in macrophages, which in
turn may facilitate the development of a carrieatestthat occurs in IPN of Atlantic

salmon.

5.4 Discussion

5.4.1 IPNV levelsin infected macrophagesin vitro

IPNV:ELF-1 ratios increased between time 0 and y piast infection (Figure 24, P =
<0.0001) demonstrating that it is possible to ibfédlantic salmon head kidney
macrophages with IPNVA vitro. In the context of the aims of this thesis, thadidation

is essential. Without confirmation that it is pddsito successfully infect macrophages
vitro would not be possible to conclude that IPNV lewais associated with replicating
virus as opposed to virus which has adhered ts egitl then decayed during the course
of experiments. Furthermore, without this datawibuld not be possible to draw

conclusions on the ability of immunostimulants tatigate infection or to aid
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macrophages in clearing virus. Figure 24 indicétes IPNV levels in macrophages are
elevated in comparison to those occurring immebjisdéier infection at all time points
studied. The data also suggest that peak level®NY replication occur in the early
stages of infection, and that replication declia¢she later time points studied. The
persistence of low levels of virus in macrophagegtro for up to 9 days, as noted in this
study, is in agreement with the findings of u al., (1982), Johansen and Sommer
(1995), Novoeet al.,(1996), Munrcet al., (2006) and Collegt al., (2007) However only
Yu et al., (1982) and Johansen and Sommer (1995) have sedgdst IPNV can
replicate within macrophages vitro. The results of the present study therefore agree
with other studies that suggest there is a poterdla for head kidney macrophages in
maintaining an IPNV carrier state in Atlantic salmdrhe results of this experiment
indicate that IPNV replicates within macrophagewitro. On this basis, it was possible
to pursue the subsequent objectives of this thdsiese are described in the ensuing

sections of this chapter, and in chapter 6.

5.4.2 Effect of IPNV infection on the innate immune response of macrophagesin

vitro

One objective of this chapter was to investigate #ifect of IPNV infection on

macrophage expression of Mx, an important compoaéttie anti-viral innate immune
response. Stimulation of macrophages with IFN viadied to determine the potential of
this IFN as a means of preventing IPNV infection parsistence, either directly or
through the use of IFN-inducing immunostimulantseTresults indicate that Atlantic

salmon macrophages maintaineditro do exhibit an Mx response when stimulated with
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IFN. The efficacy of the IFN preparations usedhis study was confirmed with reporter
gene assays performed in RTG-P1 cells, which asndow trout fibroblastic cell line

permanently transfected with the luciferase gendeurthe control of Mx promoter
(Figure 25). On exposure to IFN or IFN-inducing rige the RTG-P1 cells express
luciferase, (Johanseet al, 2004). Each of the three IFN preparations (Poly2, 3)

produced in this study exhibited IFN-inducing d@s. The first experiment in this
chapter was aimed at providing an answer to tHeviihg questions summarised in the

subsequent sections (5.4.3 t0 5.4.5.3).

5.4.3 DoesIPNV inducean Mx response, and how does this compar e to that

induced by IFN?

Little is known about the molecular and immunol@jiecnechanisms involved in the
establishment of an IPNV carrier state (Satal., 2005). IPNV-infected macrophages
did not induce an Mx response at any time poindistli (Figure 29). Whilst an Mx
response was induced within macrophages stimulaiédIFN prior to IPNV infection,
this was not found to be significantly differendrfin uninfected controls at any sampling
time point studied. This suggests that IPNV hadwebin such a way so as not to induce
an Mx response. Larseet al., (2004) transfected CHSE-214 cells with the Atlanti
salmon Mx1 protein (ASMx1) and demonstrated thévaat effect of these cells towards
IPNV. This finding indicates that Mx is capableiofiibiting IPNV replication. However,
the results of the present study suggest that IPNYy suppress the immune response
within head kidney macrophages, facilitating pe¢esise and the development of a carrier

state. The type | IFN system has a crucial roléhefirst line of defence against virus
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infections (Johansemt al., 2004). The IFNs provide vertebrates with a firsie| of
defence against viral infection. These cytokines@oduced by virus-infected cells and
stimulate the production of IFN-induced proteinsi@ighbouring, uninfected cells. These
IFN-induced proteins in turn, confer an anti-visthte upon uninfected cells (Trobridge
et al., 1997). According to Levy and Garcia-Sastre (20€18, IFN system is one of the
earliest defence mechanisms against virus infest@mguired during evolution by higher
eukaryotes. Not surprisingly, millions of years aai-evolution between hosts and their
pathogens have resulted in the acquisition of m@she by most viruses to inhibit, at
least to some extent, the host IFN system. Ingtidy, no IFN expression was detected
by real time RT-PCR in any of macrophage groupsdistl(Figure 27). There was no
significant difference in IFN expression exhibitey treated macrophages and untreated
controls throughout the experimental study peridd. it was possible to detect the
presence of Mx in macrophages exposed to IFN, staggsumed IFN expression occurred
early in the course of infection at a time not aegeby the initial sampling points. IFN’s
are unstable molecules that are rapidly degradedpidteins however, which are strictly
induced by type | IFNs, can persist for weeks aftars infection (Bergan and Robertsen,
2004). Consequently, Mx has been regarded as a mobtetular marker for type | IFN
(Robertsenet al.,1997; Nygaaret al.,2000). As a result, where Mx was detected within
macrophages, it can be assumed that IFN inducttonroed. However, this assumption
cannot be made with respect to IPNV-infected matagps, as it was not possible to
detect the presence of Mx. Collet al., (2007) reported the detection of IFN in the
supernatant of Atlantic salmon head kidney macrgphafollowingin vitro infection

with IPNV, however in a parallel experiment IPNVppuessed Mx expression in RTG-
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P1 cells. Unfortunately Colle¢t al., (2007) did not investigate expression of Mx in
macrophages, confounding attempts to make compariswith the present study.
Opinion is divided as to whether IPNV induces IFNfish cells. It has been shown that
head kidney leucocytes from rainbow trout expredd&dmRNA when infectedn vitro
with IPNV (Boudinotet al.,1999). However, IPNV infectiom vitro has been shown not
to induce an Mx response in the TO-cell line (Janaed Robertsen, 2002) which
originates from Atlantic salmon head kidney (Weagel and Johansen, 2001). Jensen
and Robertsen (2000) reported that Mx was stromglycedin vivo by IPNV in Atlantic
halibut. It is possible that the ability of IPNV teduce Mx may be dependent upon cell
type (Jensen and Robertsen, 2002; Bergan and Robh@@04; Colleéet al.,2007) or due
to temperature effects (Bergan and Robersen, 2604 )a virus to persist within its host,
it must actively curtail or evade the antiviral imne response (Oldstone, 2006), the
same author suggests that there are certain fdondaipon which the understanding of
persistent infection rests. One of these is thatibst’'s immune response fails to form or
fails to purge virus from the infected host. Thusal persistence is synonymous with
evasion of the host’'s immunologic surveillance systAnother foundation that Oldstone
(2006) describes is that viruses can acquire unigu®ponent(s) or strategies of
replication. That is viruses can regulate expressb both their own genes and host
genes to achieve residence in a non-lytic statlinvithe cells they infect. From the
results of this experiment, it appears that bo#s¢hstatements made by Oldstone (2006)
apply to the observations described in the resaflthis experiment and propose how

IPNV is able to persist within Atlantic salmon hdadney macrophages.
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5.4.4 Does|FN reduce | PNV levelsin Atlantic salmon macr ophages?

Little is known about the mechanisms involved iralvpersistence and viral carrier states
in fish and how viruses evade host defences (R081). In the present study, treatment
of macrophages with IFN was used to activate amfiviost responses prior to infection
with IPNV. Through a comparison of the levels oNNPELF-1 ratios in IFN stimulated
and unstimulated macrophages it was possible testigate the effect of the antiviral
state on IPNV replication. The results indicatet tiecrophages become infected with
IPNV despite the presence of an Mx response. Figbrghows that there was an increase
in the mean IPNV levels in both the IFN-stimulatedcrophages and positive controls,
suggesting that the virus may have replicated dftéection at a low level in the
macrophages. However, these differences did naihagtatistical significance.

Johansen and Sommer (1995) reported increases tim ibtracellular and
extracellular IPNV levels in adherent head kidneycbcytes, originating from IPNV
carrier Atlantic salmon, during 7 days in culturedademonstrated that IPNV multiplied
in these cells. However, the results of other ssidlo not support the idea that IPNV
replicates in head kidney macrophages. Muetral., (2006) demonstrated that IPNV
persisted within Atlantic salmon head kidney mabwges infectech vitro over a period
of 7 days without replicating. Colledt al., (2007) similarly demonstrated thist vitro
infection of Atlantic salmon head kidney macroplagesulted in the persistence of the
virus for nine days within the cells without reglicng. Nova,et al., (1996b) and Ywet
al., (1982) both suggested that although adherent saintbpout macrophages harbour
non-replicating IPNV, the virus replicates in othegll types. Novaet al., (1996)

demonstrated that IPNV did not replicate in raindosut macrophages culturad vitro,
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but a limited increase in viral titre was observdten total leucocytes were infected with
the culture. Whilst the results of this thesis vibappear to suggest that it is possible for
IPNV to replicate in Atlantic salmon head kidneyaraphagesn vitro, they do not agree
with the majority of published studies. Unforturigtet was only possible to investigate
virus levels in macrophages using relative quamaifon, however a more accurate
assessment of the ability of IPNV to replicate witlmacrophagesn vitro could be
achieved using absolute quantification. Finanam Egistical constraints prevented this
approach in the present study.

In IFN treated macrophages infected with IPNV, tR&NV:ELF-1 ratio was
significantly different between day 1 and day 9®.0011), however in unstimulated
IPNV-infected macrophages the IPNV:ELF-1 ratio was statistically different at these
times (P = 0.1932). This result suggests that IEhwation reduces IPNV levels in
macrophages after infection. This corresponds With results of section 5.4.3, which
demonstrate that macrophages stimulated with IRdF po infection with IPNV exhibit
significantly greater levels of Mx expression thamstimulated IPNV-infected
macrophages. This suggests that IPNV have evoheddpability to suppress the type |
IFN system in Atlantic salmon macrophages. Macrgpkastimulated with type | IFN,
should express IFN-inducible antiviral mechanismisemw subsequently infected with
IPNV. Thus, those antiviral responses which wouttler normal circumstances be
suppressed by IPNV should be active within the maltages, explaining the difference
in virus levels in these two experimental groupsnaicrophages. Although these results
suggest that IFN may have potential as a meangdifcing IPNV levels in Atlantic

salmon, the differences in the mean IPNV:ELF-lostivere shown to decline between
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day 1 (4486.8) and 9 (1320.7) in the positive aanfPNV infected macrophages even
though they were not exposed to IFN. Whilst thislide was not statistically significant,
it could be argued that a decline in the IPNV:ELFafio still occurred with the IPNV-
infected control group. As no Mx was detected is #xperimental group, this therefore
raises questions over the exclusive role of Mx educing IPNV levels in infected
macrophages. The observed reduction in IPNV lewatkin infected macrophages is
unlikely to be due to shedding of the virus. No WPWas detected in the macrophage
culture medium as judged by virus isolation in CHEE cells. Washing of macrophage
cultures and replacement of culture medium tookcepleevery second day as
recommended by Secombes (1990) and it is theoligtassible that this will have led
to the removal of any IPNV shed into the media. lde&r, daily sampling of the culture
medium took place prior to any washing and renesfahe culture medium to ensure
that extracellular virus would not be lost. Muneb al., (2006) studied the level of
infection by IPNV of kidney macrophages from asyompatic carrier Atlantic salmon
post-smolts. The macrophages were cultured fooupdays with or without renewal of
medium on day 3. Their results showed that the vainof the medium on day 3 had a
significant effect on IPNV persistence within magunages. In cultures where the
medium was not removed, on day 7, IPNV was detectedacrophage lysates and the
supernatants were also found to be IPNV positivewéler where the medium was
renewed IPNV was not detected. Mumtoal, (2006) concluded that IPNV might persist
within a macrophage population for long periodslvgulating amongst cells.

IFN and Mx were the only immune markers investidatethe present study due

to financial and logistical restrictions. It is gdde that other components of the immune
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response may have been responsible for the deiclitiee IPNV detected in infected
macrophages. A cascade of cytokines is releasedarrophages as part of the innate
immune response (Birdt al., 2005). However, very little is known about theeralf
cytokines in fish antiviral responses (Tafadiaal., 2005). In the last few years, many
cytokine and other immune related genes have loksified in different teleost species,
thus facilitating their study at a molecular levislese include tumour necrosis facior-
(TNF-a); (Zou et al., 2002), interleukin- 13 (IL-1R); (Bir@t al., 2005), interleukin-6
(IL-6); (Bird et al.,2005), interleukin-8 (IL-8); (Laingt al.,2004). TNFe is primarily a
product of monocytes and macrophages that have &#eterated by foreign substances
including viruses, and is the principal mediator tbé host inflammatory response
(Secombes, 1994). According to McBeathal., (2007) TNFe is often associated with
type | IFN production following a viral infectior¥.oshiuraet al.,(2003) reported that IL-
12 in fish may be involved in antiviral defence.fala et al., (2005) observed that
rainbow trout infected with viral haemorrhagic sepémia virus (VHSV) showed
increased IL-113 transcription. Semi-quantitative-lROR showed the virus induced an
increased transcription of ILBlin the spleen and to a lesser extent in the hiehbk and
liver at early times post-infection. However, it uslikely that any of these cytokines
played a role in the decrease of the IPNV levelsB®athet al.,(2007) measured several
aspects of the Atlantic salmon immune responseviatg experimental infection with
IPNV. They demonstrated that the IPNV failed touod the expression of TN&-and
IL-1R3. Interestingly, McBeattet al., (2007) reported that Type Il IFN was greatly
upregulated in IPNV infected fish. The salmon typdFN gene has been shown to

function in fish in a similar manner to mammals &4 al.,2005). For many years type
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Il IFN was thought to be only expressed by T cdimyever in recent years it has been
demonstrated that other cell types, originally tifttunot to be producers of type Il IFN,
are in fact capable of IFN expression. Type Il |pfdduction has been reported in human
macrophages (Gessani and Belardelli, 1998; Frathal., 2001; Ellermann-Eriksen,
2005). The results of McBeatt al., (2007) could not verify if the peak type Il IFN
expression in response to IPNV was the result tvatton of antigen-specific cytotoxic
CD8+ T-cells, macrophages or NK cells. Unfortungtelue to financial constraints it
was not possible to investigate expression of othenune markers, such as those
involved in the type Il IFN pathway.

No CPE was evident in these macrophages duringdbese of the experiment.
The strain of IPNV used in this study induced CHiaw 2 days in CHSE-214 cells, thus
this strain of IPNV is capable of producing extessCPE. The results of the present
study are in agreement with those of Estapa and (@6P1), Johansen and Sommer
(1995), and Colleet al., (2007) who showed that in both rainbow trout artthrtic
salmon,in vitro infection of macrophages with IPNV did not leadat@PE, suggesting

that the level of virus was reduced by a non-cyiolgrocess.

5.4.5 Doimmunostimulantsinduce I|FN and Mx responsesin macrophages and do

immunostimulant-treated macrophages clear |PNV?

The remainder of this chapter is focused on theemg@l of three
immunostimulant; (MAF, glucan and LPS), to protédtantic salmon head kidney
macrophages from infection with IPNV. Bricknell abdlmo (2005) have stated that the

theoretical benefit of immunostimulants is consadde. They have the potential to
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elevate the innate immune defence mechanisms bf gigor to the exposure to a
pathogen, or improve survival following exposureat@pecific pathogen when treated
with an immunostimulant. The majority of publicatgin the scientific literature on LPS
and glucan as immunostimulants are concerned waitkebial diseases, dealing with their
ability to stimulate the respiratory burst of maamages and lysozyme activity (Solegn,
al., 1995; Neumannet al., 1995; Jgrgensen and Robertsen, 1995; Roberts®9, 19
Paulsenet al.,2003; Bridleet al.,2005). Studies on the protection against viraaetibn
offered by immunostimulants are scarce, and ligl&known about their IFN and Mx

inducing properties in fish (Salinast, al.,2004).

5451 Glucan
3-Glucan potentiates and modulates the immune mesparimarily through its effects on
macrophage and reticulo-endothelial cells and isegEly recognized as safe without
toxicity or side effects (Kumari and Sahoo, 2008¢cording to Bricknell and Dalmo
(2005), one of the earliest applications of immuimoslants in aquaculture was the use
of glucan in salmon diets. These diets were consitiéo be effective in managing
disease outbreaks after stressful events suchaa#ngr In the present study, the glucan
used was Laminarin, a 3 (1,6)-branched 3 (1,3)t2ayl, which is a major component in
sublittoral brown algae and occurs principally e tLaminariae (Peagt al., 1958).
Laminaran has the potential to enhance the nonfgpatefence against infectious
diseases, administered either perorally as a fddiize, or intraperitoneally by injection
(Dalmoet al.,1996).

The results of this experiment (section 5.3.5) stibat glucan was unable to

induce IFN (Figure 31) or Mx (Figure 33) expressioitlantic salmon head kidney
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macrophages. There was no significant differenteden the Mx:ELF-1 ratios observed
in glucan-stimulated macrophages, glucan stimuld®dV-infected macrophages and
negative controls This result is in agreement wither published studies. Robertsa&n
al., (1997) compared the ability of glucan to induceManresponse in trout and salmon.
Glucan was not able to induce Mx expression inegifipecies by injection. Salinasal.,
(2004) reported the same observations when thegumbed experiments on Atlantic
salmon parr and concluded that neither glucan astyare capable of stimulating the type
| IFN pathway in salmon parr. Kumari and Sahoo @Q@port that glucan incorporated
into Asian catfish Clarias batrachusL.) feed was able to successfully activate non-
specific immune functions such as lysozyme, anceaqpde production, which led to
protection against septicaemia caused by the magtemonadderomonas hydrophila
Thus, glucan has been shown to increase the mesistaf fish to bacterial diseases.
(Robertseret al, 1990; Chen and Ainsworth, 1992; Gusadteal., 2006; Kumari and
Sahoo, 2006). Engstad and Robertsen (1993) repattAtlantic salmon macrophages
express a specific receptor for glucan, which sugpe role for macrophages in glucan-
induced antibacterial responses in fish. This figdcould explain why glucan has been
successfully used to control bacterial diseasdssinand can also possibly explain the
inability of glucan to induce an Mx response. Itpgssible that the putative glucan
receptor is not coupled to the IFN or Mx pathways.

The inability of glucan to induce an antiviral resge in Atlantic salmon head
kidney macrophages was in agreement with the obdei?NV levels in infected
macrophages that were stimulated with glucan pgodinfection. Between day 1 and 6

there was a marked increase in intracellular IPNV-& ratios (156.17 to 339.85 -
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Figure 37). IPNV levels in glucan-treated macrog@sagere higher than those occurring
in untreated controls. Initially this increase wibalppear to suggest that IPNV replicated
to high levels until 6 days post infection. However the same time period the

IPNV:ELF-1 ratio in the IPNV treated group only eosom 49.73 on day 1 post infection

to 86.67 on day 6 post infection. The differencdANV:ELF-1 ratios between the two

treatments is surprising as untreated macrophafestéd with IPNV would be expected

to exhibit equivalent levels of IPNV. Although & surprising that IPNV:ELF-1 ratios are

higher in glucan-treated macrophages than in thesat@d controls, virus levels in these
experimental groups were not significantly differerhis indicated that glucan does not
stimulate infected macrophages so as to reduce IRM&fs. This strongly suggests that
glucan would not function as an ineffective immuimaslant against IPNV in Atlantic

salmon.

5452 MAF

The inability of MAF to induce elements of the amtl response in the macrophages
(Figure 31 and Figure 33) was unexpected, sincedhibstance has been shown to be a
potent inducer of IFN. There was no significanfetiénce between the Mx:ELF-1 ratios
observed in MAF stimulated macrophages and negatiwérols. Furthermore, there was
no significant difference between the IFN:ELF-liogtin any experimental group at days
1, 3, 6 and 9 days post infection.

This may be due to the characteristics of the IEdponse induced by MAF. The
MAF produced by T-lymphocytes stimulated with thecdll mitogen concanavalin A
appears to be similar to IFN-(Secombes and Graham, 1990). Thus, the MAF

preparations used in this study may have acted so imduce IFN expression in treated
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macrophages. IFN belongs to the family of type Il IFNs, whereas #dNand 3 are type

| IFNs (Levy and Sastre, 2001; Goodbetral.,2000; Robertsen, 2005). Type | IFNs are
known as viral IFNs, whilst type Il IFNs are knowa immune IFNs. The viral IFNs are,
as their name suggests, induced by viral infectwnereas type Il IFN is induced by
mitogenic or antigenic stimuli (Samuel, 2001). Béypes of IFNs induce an antiviral
state in target cells through which virus replioatis inhibited (Hengeét al., 2005),
however as in higher vertebrates, fish Mx trangsrgnd proteins are typically inducible
by type I IFN, poly I:C and virus infection (Robgen, 2005). In the previous experiment
Poly I:C was used to stimulate the macrophages dkenthe IFN supernatants, which
were subsequently able to induce Mx in the isolafglhntic salmon head kidney
macrophages, demonstrating that the IFN secreteélddsg cells was predominantly type
|. The inability of the MAF supernatants in thispeximent highlights the specificity of
the IFN and Mx responses within Atlantic salmon rmpbages in response to
stimulation with type | IFN. It is necessary to aokvledge the results of the respiratory
burst assays performed in this project, which dopsomit verification of the efficacy of
the MAF-containing supernatants. However, if iassumed that the MAF preparations
induced a type Il IFN response within treated mphages, we can conclude that such an
IFN response is incapable of protecting macrophdges infection with IPNV. This
inability to protect macrophages from IPNV infectiovas reflected in the high
IPNV:ELF-1 ratios (Figure 37). The IPNV:ELF-1 ratrose from 154.63 on day 1 to
473.01 on day 6. However in the control macrophdalgedPNV:ELF1 ratio in the only
rose from 49.73 on day 1 post infection to 89.91day 6 post infection. The difference

between these two treatments was significantlyedsfit (P = 0.0001 day 1 and P =
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0.0015 day 6). Although it is uncertain why the®&NV levels occurred in infected
macrophages, the inability of MAF to prevent infeator induce an Mx response would
indicate that this substance is unlikely to preM®NV from establishing a carrier state.
This raises questions over the potential of MAFRadabkerapeutic approach to mitigating
IPN, as it does not exhibit the ability to prevemfiection or reduce the IPNV levels

within infected macrophages.

5453 LPS

No expression of IFN or Mx was detected in macrgeisatreated with LPS, or treated
with LPS and inoculated with IPNV (Figure 31 andjdtie 33). Previous studies of the
effects of LPS on fish innate immune responses hgekled conflicting results.
Robertseret al., (1997) detected the expression of Mx by northdatting in the head
kidney and liver of Atlantic salmon intra-peritotigainjected with poly I:C. However,
no Mx expression was detected after injection aLEollet and Secombes (2002) could
not detect Mx transcripts by RT-PCR in LPS treaR®OG cells, in contrast to the
efficient induction of Mx by poly I:.C in these cellJohanseast al.,(2004) developed an
assay for the detection of IFN-like activity in Atitic salmon based on the transient
transfection of CHSE-214 cells with a rainbow trtdi1l promoter linked to a luciferase
reporter. Johansegt al.,(2004) tested this by incubating the transfectetbE-214 cells
with supernatants from LPS and Poly I:.C stimulatexhd kidney leucocytes. IFN
preparations derived from leucocytes stimulatechwibly 1:C induced high luciferase
expression ( greater than 60-fold induction comgidoesupernatants from non-stimulated
cells) in these CHSE-214 cells. However there wagasponse to supernatants from

LPS-stimulated leucocytes, demonstrating the sigégiffor type | IFN-like activity.
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Similarly Robertseret al., (1997) concluded that Mx genes are induced sekdygtiby
double stranded RNA, as LPS or the mere stresgjefting a saline solution did not
induce Mx transcription.

However, there have been reports in the literatdrieh indicate that LPS has the
ability to induce a type | IFN response in fishligas et al.,(2004) detected very low and
transient Mx response in the liver of Atlantic salmparr 2-3 days after administration of
Esherichia coli(E. coli) LPS. However, they suggested that Mx expressiap atcur in
non-hepatic sites, and that liver tissue, whichas rich in macrophages, may not have
represented the most appropriate tissue for assesshthe Mx response. Interestingly,
Salinaset al., (2004) reported a strong induction of Mx expressio the livers of
Atlantic salmon parr following an injection of aramercially available vibrio bacterin,
but the bacterial components responsible for thesewnot investigated. In response to
this result Acostaet al., (2004) conducted an experiment to identify thecHjme
components of the bacterin that provides the satranl. They suggested that the Mx
induction may occur in response to LPS or bact®&tA and subsequently examined the
Mx responses of Atlantic salmon to purifiestonella anguillarum(L. anguillarun) LPS
and DNA. They showed that the kinetics of the Msp@nse td.. anguillarumDNA was
strikingly similar to that occurring in responsewitrio bacterin and to poly I:C. They
suggested that the induction of Mx byanguillarumDNA is due to the presence of CpG
motifs which have been shown to induce Mx expressicAtlantic salmon by Jorgensen
et al., (2003). Interestingly Acostet al., (2004) found that purifietl. anguillarumLPS
induced an Mx response whereas LPS from E. coli Salhonellatyphimurium (S.

typhimuriun) failed to so. They suggested that LPS framanguillarum has unique
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effects on the innate immune system not presentR$ from the other species
investigated. As th¥. anguillarumLPS in the experiment described in this thesiedali
to induce an Mx response within macrophages, tlusldvagree with the suggestion by
Acostaet al., (2004) thal.. anguillarumhas unique effects on the innate immune system
not present in LPS from the other species. Thexesaveral examples in the literature of
studies which fail to demonstrate induction of tiyge | IFN response by LPS. Johansen
et al., (2004) used LPS derived frol coli, whereas, Collet and Secombes (2002) did
not specify the origin of the LPS that they usedhiléf Salinaset al., (2004)
demonstrated an Mx response within Atlantic salmsimgV. anguillarumderived LPS,
it was not as strong as that observed in expersnesing LPS sourced fror.
anguillarum

In the present study there was no significant tifiee between the Mx:ELF-1
ratios occurring in LPS-treated macrophages (Fi@gBg LPS treated IPNV-infected
macrophages and negative controls. Similarly 8,1 and 9 days post infection there
was no significant difference between the IFN:ELRdtios occurring in treated
macrophages and untreated controls. The inabifilyRS to induce an Mx response in
macrophages was reflected in LPS-treated, IPN\&tefk macrophages. IPNV:ELF-1
ratios fluctuated throughout the period of the gtuah day 1 and day 6 the IPNV:ELF-1
ratios (62.15 and 89.91 respectively) were sintibathose observed in the control group
(day 1, 49.73; day 6, 63.13). However, on days(3.@8) and 9 (186.43) the IPNV:ELF-
1 ratios rose above those observed in the confaalg 3, 129.90; day 9, 86.67). As the
IPNV:ELF-1 ratios in macrophages exposed to LPSewewer than in macrophages

exposed to glucan or MAF prior to infection withN®, it is possible that LPS is more

128



Chapter 5: Induction and effect of immunostimulantsype | IFN response

efficient at stimulating viral clearance than MAFglucan. Although it is not possible to
completely rule out immunostimulatory effects &ittable to LPS based on the results of
this thesis, the inability of this substance touaa the IPNV levels in macrophages
between day 1 and day 9 post infection suggest tthatt LPS is not an effective
immunostimulant against IPN. However there is stillch to learn concerning the use of
LPS as an immunostimulant to mitigate IPN due ® tincertainty surrounding which
types of LPS have the ability to induce Mx, and twwheakes one type of LPS more

effective than another.

Whilst the second part of this chapter is concermeith the ability of
immunostimulants to mitigate IPNV-infection of Atlic salmon macrophages, some of
the results are relevant to an understanding offoph@age innate immune responses to
IPNV. There was no significant difference in the :MkF-1 ratios occurring in IPNV-
infected macrophages and those exhibited by negatmtrols (Figure 33). This finding
is in agreement with the lack of an antiviral resg®in positive control macrophages (i.e.
IPNV-infected) in the experiment described in smttb.4.3. The results suggest that
IPNV can suppress the type | IFN response in Aitasdlmon head kidney macrophages.
Clearly, viruses are unlikely to be successful pgéms if they had not evolved efficient
strategies that allow them to suppress IFN prodactio down regulate IFN signalling
and to block the action of antiviral effector piose(Halleret al.,2006). There are many
reports concerned with the induction of the angivatate resulting from infection with
diverse viruses including IPNV. The results of gresent study suggest that IPNV alone

does not induce Mx within Atlantic salmon head lkagnmacrophages. According to
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Goodburnet al., (2000) in order to replicate efficiently, it seefiltely that all viruses
must, at least to a degree, have some means afrorenting the IFN response either by
limiting IFN production or blocking IFN actions. €hresults of the experiments
described in sections 5.3.6 and 5.3.7 do not pedefinite conclusions to be made to
explain the lack of Mx expression in IPNV-infectathcrophages. No IFN expression
was detected in those macrophages that expressedhdrefore, it would be logical to
investigate innate immune responses occurring at ithitial stages of infection to

determine the timing and manner of the immunosiggioe caused by IPNV.

55 Conclusion

55.1 IFN asatreatment for IPNV

IFN treatment of macrophages prior to infectionhwliiPNV does not prevent infection
with this virus. However, the potential may exist fFN therapy in aquaculture to treat
viral diseases such as IPNV because ##Blis used to treat chronic active hepatitis C or
hepatitis B in humans (Samuel, 2001; Sen, 2001\l tkay have therapeutic use as
against IPN since macrophages exposed to IFN dxleihanced virus clearance.
Assuming head kidney macrophages are an imporitandfsvirus replication in IPN, IFN
could help prevent the establishment of the casiate. However, it is uncertain what
causes IPNV levels to decline in untreated IPN\éatdéd macrophages, as occurred in
Figure 35. This may be due to the existence o¥aatimechanisms in macrophages that
are not controlled by the type | IFN/Mx pathwaytekhatively, IPNV may quite simply

be destroyed by macrophages.
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5.5.2 Immunostimulants as potential treatmentsfor 1PN

Development of vaccines against infectious dise@sésne consuming and ultimately
expensive (Randoniet al.,2004). As a result, it may be more practical tmbme good
husbandry and the enhancement of disease resistdmmgh the use of
immunostimulants to mitigate the effects of infea8 diseases such as IPN. There are
currently no therapeutic feeds available that greciically designed to combat viral
diseases in fish. Whilst immunostimulants have bg@ven applicable to aquaculture,
the results of the present study suggest thatnimeunostimulants tested may be better
suited to the control of bacterial diseases, a® ménthose studied were able to induce the
antiviral Mx protein. Thus, further studies are umgd to identify effective

immunostimulants for the control of IPN.

5.5.3 Theeffect of IPNV on the antiviral response within Atlantic salmon head

kidney macrophages

In the experiments described in this chapter, esgpo@ of Mx or IFN in IPNV-infected

macrophages was not significantly greater thaneRhtbited by uninfected controls. As
suggested by McBeatét al., (2007), an improved understanding of the complest-h

pathogen relationship in IPN at the molecular lenegjht allow the development of
husbandry conditions that favour the host and tleasl to improvements in disease
control and fish welfare. The host response tolviméection represents a complex
coordination of gene products, which are precisehed to activate or inactivate specific

pathways and finally counteract the effects of \g@ne products (O’Farredt al.,2002).
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According to Rgnnesetdt al.,(2006) viruses interact with immune cells in dseeways
and many viruses act so as to impair or inhibit @&l responses. It is the opinion of
McBeathet al., (2007) that the interaction of IPNV with the IFMsgem is complex and
probably plays a critical role in determining sgatd resistance or susceptibility in the
fish host. The results of this thesis suggesttthatt IPNV either completely prevents IFN
expression or else it blocks IFN from inducing Mgpeession. An investigation of IFN
expression in the initial stages of infection maycelate the interaction between IPNV

and the innate immune response. This objectiversygd in the following chapter.
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Chapter 6 - Comparison of the effects of IPNV and Poly |:C
treatment to demonstratethetypel IFN suppressing properties of

PNV in Atlantic salmon head kidney macrophages.

6.1 Introduction

Work described in the previous chapters of thisigieuggests that IPNV does not induce
an Mx response in head kidney macrophages of Atlaatmon. The aim of this chapter is
to characterise the antiviral responses within mh&crophages at the early stages of
infection. The results may lead to a greater undeding of the mechanism through which
IPNV inhibits anti-viral responses in macrophagése expression of IFN in IPNV-infected
macrophages will be compared to that induced by P@. This substance is a potent
inducer of type | IFN in mammals and salmonidsi¢EI2001). From observing the IFN
response in IPNV infected macrophages it may bsiplasto determine whether IPNV has
the ability to suppress the IFN response. Despiddct that the type | IFN system appears
to be a potent and efficient mechanism for the tmstounteract viruses at early stages of
infection, viruses are remarkably successful ieétihg their host species. This is probably
due to the evolutionary acquisition by viruses aflesular mechanisms which counteract
the IFN-o/3 system to allow virus replication (Garcia-Sas2@02). Goodburet al, (2000)

summarises some of the major strategies employeftises to subvert the IFN system;

) Inhibition of IFN production
i) Inhibition of IFN signalling
i) Inhibition of IFN-induced antiviral enzymes
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Experiments conducted in the last chapter (sectbBs4 and 5.3.5) demonstrate that
neither IFN or Mx are expressed in IPNV-infectedcrophages. On the basis of the
strategies described by Goodbueh al, (2000), it can be assumed that the strategy
employed by IPNV is achieved through inhibition IBN production or the inhibition of
IFN signalling. The sampling points selected irstekperiment are designed to detect IFN
expression occurring in the early stages of ingectif the results of this experiment show
that IFN is expressed in IPNV infected macrophagean be assumed that IPNV inhibits
IFEN signalling, thus explaining the inability to tdet Mx expression in the previous
experiments (section 5.3.4 and 5.3.5). HoweveniflfiN expression is detected in IPNV
treated macrophages but Poly I:C induces IFN espasit can be assumed that IPNV

inhibits IFN production.

6.2 Materialsand Methods

6.2.1 Isolation of macrophages from head kidney

Head kidneys were obtained from Atlantic salmorctisee 2.2.2) and macrophages were
isolated on 51% percoll as described in sectiond42 ®acrophages were seeded into 24
well plates at concentrations of 2 x16ells mi* and maintained at 15°C as described in

section 2.2.5.

6.2.2 Invitrovirusinfection in isolated macrophages

After 24 hours incubation at X5, macrophage monolayers were processed in triplica

using one of the following three treatments.
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a) IPNV-infected group. Macrophages were infected WRNV at an MOI of 1
(section 2.2.7).

b) Poly-IC-stimulated group. Macrophages were incubhatéh L-15 medium
supplemented with 5% FCS and 50 units™*ngenicillin, 5Qug mr*
streptomycin containing Poly I:C (26 mi™).

c) Negative control group. Macrophages were maintaimed.-15 medium
supplemented with 50 units thpenicillin, 5Qug mI* streptomycin and 5%

FCS.

6.2.3 RNA extraction and quantitative real-time RT-PCR

After 3, 12, 24 and 36 hours the monolayers wershed three times with L-15 medium
and RNA was extracted following the modified TRIzmbtocol as described in section
3.2.5. Prior to treatments, RNA was extracted fnoracrophages to identify the normal
expression values for all of the targets inveséigah the experiment. This time point was
termed “time 0” and the values were incorporatethiwithe Pfaffl relative quantification
calculation. The quality and quantity of the exteacRNA was evaluated using a Nanodrop
Spectrophotometer. All samples were diluted to H0dnprior to first strand synthesis
using RNAse/DNAse free water. Two step RT-PCR wadgomed on extracted RNA
following the steps outlined in sections 4.2.3 ahd. All samples were tested for the

presence of Mx, IFN and IPNV. The results of tha tane amplification of each target was
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expressed as a ratio to the internal RT-PCR co#itdl-1, using the Pfaffl mathematical

equation for relative quantification.

6.2.4 Statistical analysis of real time RT-PCR gene expression

Results are expressed as the relative expresgiorbetween the target of interest and ELF-
1 house keeping gene. Data was analysed on theTMBIkoftware package by a two way
ANOVA, and a Tukey’s test was used to perform npldticomparisons to determine the
differences between the treatments and time duthey course of the experiment.

Differences were considered statistically significaenen P<0.05.

6.2.5 Detection of extracedlular IPNV

Prior to extraction of RNA from the macrophage mlager, the culture medium was tested

for the presence of extracellular IPNV as describeskction 2.2.8.

6.3 Results

6.3.1 Expression of antiviral genes

IFN expression increased in macrophages treatdd Raty 1.C (Figure 39). The two-way
ANOVA results (Figure 40) show that treatment, tiame a combination of treatment and

time (P = 0.001) all had a significant effect oiNIExpression. The tukey test revealed that
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after 3 hours treatment with Poly 1:C macrophagad hignificantly higher IFN:ELF-1
ratios than those treated with IPNV (P = <0.0001d antreated controls (P = <0.0001).
Peak IFN expression within Poly |:C treated maceg#®s occurred at 24 hours post
treatment, which was significantly higher than olied 3 hours post treatment (P =
0.0001). IFN expression declined between 24 honds 36 hours (P = <0.0001). At 36
hours post treatment there was no significant iffee in IFN expression between Poly I:C
stimulated macrophages and those infected with VIRIR = 0.9587) or untreated
macrophages (P = 0.9995). This result would agiigetive opinion of Hondat al., (2005)
that the hallmark of mammalian IFNR is their rapid induction by virus infection as a
result of the recognition of viral dsSRNA produchs.the experiments conducted in the last
chapter it would appear that the sampling pointy mat have been optimal to detect this
rapid induction of IFN. Whilst IFN expression inased in macrophages treated with Poly
I:C, which is a synthetic double- stranded RNA tisatised experimentally to model viral
infections, there was no significant differencewesn the IFN:ELF-1 ratios in IPNV-
infected macrophages and negative controls at athyeasample time points, 3 hours after
treatment (P = 1.0000); 12 hours (P = 1.0000);h@drs (P = 0.1578) and 36 hours (P =
1.0000). This suggests that the reason for thailityato detect Mx and IFN expression in
IPNV-infected macrophages is a result of the vblegking IFN production.

IFN induction in the Poly I.C treated macrophages&sponded to an increase in
the expression of Mx (Figure 41). The two-way AN®Vesults (Figure 42) show that
treatment, time and a combination of treatment tamé (P = 0.001) all had a significant
effect on IFN expression. The tukey test revedbad &t 3 hours post-infection, Mx levels in

macrophages treated with Poly I:.C, or infected VRNV (P = 0.9241) did not differ from
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those exhibited by negative control macrophages (P0000). However between 3 hours
and 12 hours there was a significant increase ineljpression (P = <0.0001) in Poly I:.C
treated macrophages, which was maintained up tbo24s post-treatment (P = <0.0001)
when peak levels of Mx expression occurred. IPNUckéd IFN induction in infected
macrophages, which did not express Mx at levelatgrehan those occurring in Poly I:C
treated macrophages. Mx:ELF-1 ratios were sigmtfiga different in IPNV-infected
macrophages and poly I:C treated macrophages &41a8nd 36 hours post treatment (P =
<0.0001). There was no significant difference in Mxpression in IPNV-infected and
negative control macrophages at 3, 12, 24 and 36 QP@957) hours post infection (P =
0.9101; 1.0000; 1.0000; 0.9957 respectively).

These results strongly suggest that IPNV inhibite texpression of IFN in
macrophages and subsequently the induction of Mis @ould explain why IPNV is able
to persist within Atlantic salmon head kidney matrages and establish a carrier state
within Atlantic salmon. Furthermore, the kinetidslBN induction observed in the present
experiment confirms that the sampling points stdidrechapter 4 were not optimal to detect

IFN expression.
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Figure 39: IFN expression in Atlantic salmon heddhky macrophages in response to infection
with IPNV or treatment with Poly I:C. Mock-treatethcrophages (L-15 alone) served as a negative
controls. IFN levels were quantified in relationedgpression of the housekeeping gene ELF-1 using
the method described by Pfaffl. Data points represean IFN:ELF-1 ratios (N = 3) + SD.

Anal ysis of Variance for IFN.ELF-1 ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M5 F P
Ti me 3 248. 627 248. 627 82.876 205.21 0.001
Tr eat ment 2 163. 146 163. 146 81.573 201.98 0.001
Time*Treatment 6 98. 345 98. 345 16. 391 40.59 0.001
Error 24 9. 693 9.693 0. 404

Tot al 35 519. 811

Figure 40: Two way ANOVA results for relative IFN:E-1 expressed in (a) IPNV infected; (b)
Poly I:C stimulated; (c) untreated Atlantic salmwead kidney macrophages over time. Differences

were considered statistically significant when BS0.
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Figure 41: Mx expression in Atlantic salmon headhldy macrophages in response to infection with
IPNV or treatment with Poly I:C. Mock-treated maahages (L-15 alone served as negative

controls). Mx levels were quantified in relationexpression of the housekeeping gene ELF-1 using

the method described by Pfaffl. Data points represean Mx:ELF-1 ratios (N = 3) + SD.

Anal ysis of Variance for M:ELF-1 ratio,

Sour ce
Ti e
Tr eat nen

Ti me* Tr eat men

Error
Tot al

Seq SS Adj SS Adj MB

65. 277 65. 277 21.759
57.907 57.907 28.954
24.316 24. 316 4. 053

2.504 2.504 0.104

150. 004

using Adjusted SS for Tests

F P
208.57 0.001
277.53 0.001

38.85 0.001

Figure 42: Two way ANOVA results for relative Mx:EEL expressed in (a) IPNV infected; (b)

Poly I:.C stimulated; (c) untreated Atlantic salmoead kidney macrophages over time. Differences

were considered statistically significant when BS0.
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6.3.2 IPNV-levelsin infected macrophages

IPNV was detected within infected-macrophages ab@rs post-inoculation (Figure 43).

The two way ANOVA (Figure 44) show that treatmet< 0.001), time (P = 0.001) and a
combination of treatment and time (P = 0.016) hawgaificant effect on the expression of
IPNV. The tukey test revealed that there was arease in IPNV:ELF-1 ratio between 0

and three hours post-infection (P = 0.0001). Themi&NV:ELF-1 ratios indicate that

there was an increase in the IPNV levels over tistepngly suggesting that IPNV

replication occurs in macrophages. Whilst the IPBRME-1 ratio increased from 19007.97
at 3 hours post treatment to 45417.04 at 36 hoossipfection, statistical analysis showed
that there was no significant difference betweenIBNV:ELF-1 ratio observed at 3 hours
post infection and 12 hours (P = 0.6575), 24 h¢Brs 0.6025) and 36 hours (P = 0.1193).
However, IPNV levels at all time points studied wegreater than those occurring in
macrophages sampled immediately after infectioa. (fime O, P = <0.0001). Thus,

replication of IPNV to a level greater than thaht@ned in the original inoculum did occur,

although it is possible that the extent and kirsetitinfection differ from those occurring

vivo. IPNV was not detected in macrophages treated Rotl I:C or negative controls.

6.3.3 Determination of IPNV levelsin the culture media of infected macrophages

No CPE was observed in CHSE-214 monolayers exanwed a period 21 days. This

indicates that none of the macrophage experimegrtalips studied released detectable
amounts of IPNV into the culture medium. The resoltthe present study demonstrate that
IPNV infection results in the suppression of bdth land Mx expression. This suppression

of the type | IFN response suggests that the wgbilft macrophages to clear IPNV is
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impaired, which may facilitate the establishmentaotarrier state that occurs in IPNV-

infected Atlantic salmon.
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Figure 43: IPNV levels in infected Atlantic salmdmead kidney macrophages. Untreated
macrophages were used as a negative control. IRMdd were quantified relative to expression of
the housekeeping gene ELF-1 using the method thesclyy Pfaffl. Data points represent mean
IPNV:ELF-1 ratios (N = 3) £ SD.

Anal ysis of Variance for IPNV: ELF ratio, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M5 F P
Ti me 3 4. 451 4.451 1.484 15.73 0.001
Tr eat men 2 679. 794 679. 794 339.897 3603.94 0.001
Ti me* Tr eat men 6 1.095 1.095 0.182 1.93 0.116
Error 24 2.264 2.264 0.094

Tot al 35 687. 604

Figure 44: Two way ANOVA results for relative IPNBL.F-1 expressed in (a) IPNV infected; (b)
Poly I:C stimulated; (c) untreated Atlantic salmwead kidney macrophages over time. Differences

were considered statistically significant when BS0.
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6.4 Discussion

6.4.1 Typel IFN response of Atlantic salmon head kidney macrophagesto | PNV

infection

For a virus to persist, it must actively curtailetihost’'s antiviral immune response
(Oldstone, 2006). Little is known about the mechkars involved in the establishment of
carrier states in fish and how viruses evade tls¢ inenune defences (Ellis, 2001; McBeath
et al.,2007). Understanding the principles by which gesice is initiated and maintained,
as well as the pathologic consequences of continirad replication in a host over its life
in terms of causing disease, represents a resaaeehof high significance, and provides
opportunities for challenging investigation (Oldsto 2006). Many viruses have evolved
specific mechanisms that antagonize the produatioaction of IFNs (Goodburrgt al.,
2000). As observed in the previous experiments, thability of IPNV-infected
macrophages to express Mx suggested that the stinpigressed antiviral responses within
Atlantic salmon head kidney macrophages. In theeempents conducted in chapter 4
(section 5.2.8), due to the experimental designrelhethe early stages of infection were
not studied, it was not possible to investigateitmediate response of macrophages to the
virus. Thus, it was not possible to ascertain where sigspye occurred. It is possible that
IPNV prevented the induction of IFN; alternatively,is possible that IPNV infection
induces IFN expression, and that the downstreamesgn of Mx within the macrophage
is subsequently blocked. The latter scenario wdngdn accord with the observations of
Colletet al., (2007), who identified high levels of IFN in thepernatant of IPNV-infected

macrophage cultures. On the basis of these findthgssampling points used in the present
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study were repositioned to permit analysis of thgal stages of the virus-host interaction,
as opposed to sampling at 24 hour intervals oyarad of 9 days.

At this point, it is useful to consider the seraésvents that lead to an antiviral state
within a cell following viral infection so as toedtify possible points at which suppression
may occur during IPNV infection. Figure 45 is a efatic illustration of type | IFN
induction in mammalian cells following viral inféch. The mammalian IFN-system has
been characterised in detail at the molecular Jemsad the albeit limited number of
functional studies that have been performed withdloned fish IFNs show that they too
have characteristic properties of type | IFNs. ¥iianfected cells synthesize and secrete
type | IFNs (IFNe/3), which circulate and protect other cells froralinfection (Bergan
et al, 2006). During viral infection of mammalian celtsanscription of IFN-[3 is induced
first through the co-ordinated activation of thaniscription factors IFN regulatory factor
(IRF) 3 (Robertson, 2005) and nuclear factor kapgalF« B); (Halleret al.,2006). This
“first wave” IFN triggers expression of a relateactor IRF-7 (Halleret al, 2006). The
induction of IFNe/l3 genes by viruses involves IRF-3 and IRF-7, axpression of the
latter is dependant on IFN-stimulated gene factqiSEF3); (Taniguchi and Takaoka,
2002).

Cells respond rapidly following stimulation witiH=Nl through the JAK-STAT
pathway signal inducing pathway (Muioz-Jordsral., 2003; Halleret al., 2006). Briefly,
the specific receptor complex for each IeNs- and IFNy is composed of two major
subunits (IFNAR1/IFNAR2 for IFN#/3 and IFNGR1/IFNGR2 for IFN) and various JAK
tyrosine kinases constitutively associated withréweptor. Jakl and Tyk2 are required for

IFN- o/f3 signalling; Jakl and Jak2 are required for #Fdignalling (Beset al, 2005). The
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signal transducer and activator of transcriptiomA®) family of proteins are latent
cytoplasmic transcription factors that become tyrephosphorylated by the JAK enzymes
in response to cytokine stimulation (Samuel, 2001 the case of signalling via IF®,
phosphorylated STAT1 and STAT2 bind each other AsagelFN regulatory factor 9 (or
p48), to form the transcription factor (ISGF3g/p48estet al, 2005). This complex
translocates to the nucleus and binds to the IiiNutited response element (ISRE) in the
promoter region of IFN stimulated genes (ISGs) bfolw some code for antiviral proteins

such as Mx (Halleet al.,2006).
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Figure 45: Type | IFN induction, signalling and iaot Left panel: dsRNA, a characteristic by-

product of virus replication, leads to activatiohtle transcription factors Nk-B, IRF-3. The

cooperative action of these factors is requireddbtractivation of the IFN-3 promoter. Right panel

Newly synthesised IFN-R binds to the type | receptw activates the expression of numerous ISGs

via the JAK/STAT pathway which leads to productimhintracellular antiviral proteins such Mx

protein (from Haller, 2006).

Key
Abbreviation Term Abbreviation Term Abbreviation Term
IFNAR Interferon-e/3 JAK-1 Janus kinase 1 STAT-2 Signal transducer
receptor and activator of]
transcription-2
IFN- o Interferon alpha MDA Melanoma TBK-1 TANK-binding
differentiation kinase-1
associated gene-5
IFN- 3 Interferon beta NIKB- Nuclear factor| TLR 3 Toll-receptor 3
kappa B
IGSF-3 Immunoglobulin OAS Oligoadenylate TRAF Tumour  necrosig
superfamily-3 synthetases factor  associateq
factor
IKK a/f3 | kappa B kinase PIAS Regulator of JAK| TYK-2 Tyrosine kinase 2
STAT pathway
IKK g IxkB kinase PKR Protein kineases
IPS1 Interferon—3- PKR Protein kinase
promoter
stimulator 1
IRF-9 Interferon RIG- RNA sensor
regulatory factor- 9 protein
ISG Interferon SOCS Suppressors q
stimulated gene cytokine signalling
ISRE Interferon STAT-1 Signal transduce
stimulated respons and activator of
element transcription-1
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According to Garcia-Sastre (2002) the antivirakeysis comprised of three main steps

)] detection of viral infection and IFN secretion
i) binding of IFN to its receptors and transcriptiomaduction of IFN-stimulated
genes

i) synthesis of antiviral enzymes and proteins whigchmost cases inhibit key

cellular functions upon activation to prevent vireplication

It is helpful to consider the series of events fead to an antiviral state within a cell and
the subsequent strategies that viruses have entptoysubvert the IFN response. By doing
so the results of this experiment can be used eatily where IPNV subverts the IFN
system, thus facilitating its persistence. It h&erb demonstrated that there is a clear
relationship between Mx and the protection of caldminst IPNV (Jenseat al., 2002;
Larsen et al.,, 2004). These authors reported that when CHSE-Hlk are either
transfected with Poly I:C, an inducer of Mx (Jens2@02), or a plasmid containing the
Atlantic salmon Mx 1 gene (Larsen al.,2004), they are protected against IPNV infection.
Poly I:.C is a very potent inducer of type | IFN nmammals and type | IFN-like
activity in salmonids (Ellis, 2001). For this reasd?oly I:C represents a good positive
control for studies of IFN induction, and its pdiahinhibition by IPNV. Macrophages
treated with Poly I:.C, exhibited a rapid IFN respen(Figure 27) that commenced at
between 3 (IFN:ELF1 ratio = 24219.36) and 12 hdlifN:ELF1 ratio = 144086.2) post
treatment, and peaked at 24 hours (IFN:ELF1 rat8D5768.7). IFN expression decreased
to almost undetectable levels at 36 hours postnera (IFN:ELF1 ratio = 3.75). Since

IFNs are unstable proteins that are rapidly degta@ergan and Robertson, 2004) it is
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probable that the IFN response to a double strafiA virus is of short duration. Poly
I:C is a synthetic double stranded RNA, as is tmogne of the birnavirus IPNV,
consequently macrophage responses to IPNV-infegtmuld be expected to share features
in common with those occurring in response to pdytreatment.

However, in the present study, no IFN expressias detected in IPNV-infected
macrophages over the course of the 36 hour sampkngd. This strongly suggests that
IPNV suppresses macrophage IFN expressionitro. Thus, suppression of macrophage
defences by IPNV appears to be achieved throughnthibition of IFN production, as
opposed to the inhibition of the IFN-induced amaVienzymes such as Mx. The difference
in IFN levels in IPNV-infected macrophages, and rpbages treated with poly I:C
highlights the efficiency of this virus in blockindgN expression (days 3, 12, 24 P =
<0.0001).

Goodburn, et al., (2000) have noted that the speed and efficiencyvicdl
suppression of the IFN response may be criticalkrdehants of host range and
pathogenicity. As these results would indicate tR&tV has developed a way to block IFN
production, it would therefore be interesting tentty the stage at which IPNV blocks IFN
production and which part of the virus acts asli¢ antagonist. To be able to replicate
efficiently in their hosts, most viruses have acedigenetic information encoding IFN
antagonist molecules which block one or more stdpthe IFN system (Garcia-Sastre,
2002). Table 7 summarises examples on how spedifises antagonize the IFM/R

system.
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Table 7:Examples of gene products from different humansesuwhich have been described to be

involved in the inhibition of the IFN-mediated arital responses of the host (from Garcia-Sastre

2002).
Virus Viral IFN antagonist Pathway targeted
DNA viruses
Adenovirus E1A protein IFN synthesis (IRF-3)
IFN signaling (IRF-9, STAT1)
VA RNAs PKR
Vaccinia virus B18R protein IFN signaling (IFNAR)
E3L protein PKR
OAS
IFN synthesis (IRF-3/7)
K3L protein PKR
Herpes simplex virus ICP34. 5 protein PKR
US11 protein PKR
Unknown OAS
Epstein—Barr virus EBNA-2 protein IFN signaling
EBER RNAs PKR
Cytomegalovirus Unknown IFN signaling (JAK1, IRF-9)

Herpesvirus 8

VIRF proteins

IFN synthesis (IRF-1/3/7)

IFN signaling
PKR
Human papilloma virus E6 protein IFN signaling (TYK2)
E7 protein IFN synthesis
Hepatitis B virus Core antigen IFN signaling (IRF-9)
Terminal protein IFN signaling
Retroviruses
HIV-1 Tat protein PKR
TAR RNA PKR
Unknown OAS
Positive-strand RNA viruses
Hepatitis C virus NS5A protein PKR
E2 protein PKR
Unknown IFN signaling
Poliovirus Unknown PKR
Double-strand RNA viruses
Reovirus 63 protein PKR
Negative-strand RNA viruses
Influenza A virus NS1 protein IFN synthesis(IRF-3/7, NiB)
PKR
OAS
Measles virus Unknown IFN synthesis
Parainfluenza virus V protein IFN signaling (STAT2)
Ebola virus VP35 protein IFN signaling (STAT1)
Mumps virus V protein IFN synthesis
Parainfluenza virus Unknown IFN signaling (STAT1)

Several viruses encode proteins that inhibit IFNtisgsis (Sen, 2001). According to Haller
et al., (2006) in many cases viruses use non-structural groteins to down-regulate IFN

responses. This IFN suppression strategy can bwiedgin the laboratory to generate
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mutant viruses that lack the relevant non-essepta@kins. Such viruses still grow in IFN-
non-responsive cells but are highly attenuated-M-¢ompetent hosts. Ferlat al., (2004)
demonstrated that modifying the RNA-binding domaifrthe NS1 protein in influenza A
virus, to produce a non replicating NS1 mutant wirelicited higher levels of IFNA3 in
serum of immunized mice than the wild-type virusmiarly, Valarcheret al., (2003)
investigated the effects of deletion of the NS geoe the induction of IFN/3 by bovine
respiratory syncytial virus (BRSV) and their role establishing BRSV in calves and
demonstrated that the NS proteins had a clearimalghibiting the production of IFN/I3.
Further results showed that the NS deficient visusad highly restricted replication within
cells; however, immunization induced serum antibsdand protection against challenge
with virulent BRSV. Valarcheet al., (2003) concluded that since IFiMB have profound
immunomodulatory effects and stimulate the adaptiv@une response; it is possible that
the greater ability of the NS deficient virus tauce IFNe/l3 may improve the efficacy of
vaccines. These results indicate it is possibj@ooluce vaccines lacking proteins with IFN-
antagonistic activity (Haller, 2006). This methamltd therefore provide an interesting area
of research for develop of a vaccine for IPNV, whio date has proven difficult; however
it is first necessary to identify the IFN-antagadistructure of IPNV.

Interestingly, all the major essential componeotsthe type | IFN signalling
pathway, i.e. IFN«/[3 receptor, JAK1, Tyk2, STAT1l, STAT2 and IRF9, baleen
described as targets for inhibition by viruses (Lewnd Garcia-Sastre, 2001). One of the
major strategies of viruses for blocking IFN3 production is to target the activities of the
IRF transcription factors that bind to the IFN-®moter (Goodbourn, 2000). According to

Berganet al., (2006) the role of IRF’s in induction of fish IFNs as yet unknownin
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teleost fish, IRF-1 and IRF-2 have been cloned seglienced from rainbow trout (Collet
and Secombes, 2002) and Japanese flounder (&tadly 1998), whilst an IRF-7 like gene
has been cloned from crucian carp (Zhab@l.,2003). Zhanget al., (2003) reported that

the carp IRF-7 like gene, similar to human IRFs7upregulated by virus infection and IFN
treatment and suggested that it plays a critidal iro fish IFN signalling and regulation in
the expression of IFN-responsive genes. Howevedjes of IRF-3, which is constitutively
expressed in mammalian cells, have not been pwdlisor fish (Robertsen, 2005). The
importance of the positive feedback loop betweenetkpression of IRF-3 and IRF-7 for the
efficient induction of the IFNY/3 response has been reviewed (Garcia-Sastre, 2002;
Taniguchi and Takaoka, 2002; Robertsen, 2005).

Satoet al., (2000) studied the roles of IRF-3 and IRF-7 in enand showed that
both IRF-3 and IRF-7 perform non-redundant andirdistroles from each other. Their
results showed that mice cells lacking IRF-3 aregemnaulnerable to virus infection, whilst
cells defective in IRF-7 expression totally fail teduce IFNe/3 genes in response to
infections by any of the virus types they testedialfy, they demonstrated that a normal
induction of IFNe/ mMRNA could be achieved by co-expressing both-3R&nd IRF-7,
thus proving that together IRF-3 and IRF-7 ensheettanscriptional efficiency of IFNA3
genes for the antiviral response. As only two IR&'s cloned in fish more work is required
to clone and sequence the components which patecip promoting IFN¥/3 expression.
This would therefore enable investigation into steps in the IFNY/[3 signal transduction
pathway that IPNV inhibits to suppress the resgltilFN-0/3 expression. Another
interesting target to investigate would be the-lik# receptors (TLR). TLR are a group of

transmembrane proteins expressed mainly in deadelis (DC) or macrophages (Hoshino
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et al., 2002). The activation of cytokine production byR4 plays an important role in
recruiting other components of innate host defeagaenst bacterial pathogens (Tosi, 2005).
The mammalian TLR family consists of 10 membersdigrell and Dalmo, 2005; Tosi,
2005; Plouffeet al.,2005).

Viruses have also been shown to induce a strorigation of cytokine responses
mediated by the activation of TLRs (Machidtaal., 2006). As Figure 45 shows dsRNA
binds and activates the dsRNA activated proteiaden(PKR), however Akira and Hemmi
(2003) report that cells dervived from PKR KO matél respond to the viral RNA mimic
Poly I:.C, suggesting the existence of another recgpvhich recognizes dsRNA. It has
been demonstrated that mammalian TLR 3 recogniseRNA, and that activation of the
receptor induces the activation of KB and the production of type | IFNs (Alexopoulou
et al.,2001; Matsumotet al.,2002). It has also been suggested that TLR 4 p®itant for
the activation for the activation of the innate iomme response to viral infection (Hayreds
al., 2001; Machideet al.,2006). According to Goodburn (2000) Since thevatitbn of NF-

Kk B by infection is a key trigger to inducing IFMR transcription and other immune
responses, it would perhaps not be surprisingithat many viruses encoded inhibitors of
NF-x B activation or function.

The results of this experiment confirm that tlne positioning of sampling points in
previous experiments was not optimal for IFN detect However due to the close
relationship between expression of IFN and Mx (FegBO and Figure 41 respectively), it is
probable that IFN expression occurred in macrophageressing Mx. The relationship
between IFN expression and Mx induction was cleddgnonstrated in this experiment by

the close correlation between Mx expression and #Xgression in Poly I:C treated
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macrophages. In these cells, peak Mx expressiagu&i4l) occurred at 24 hours post
treatment (Mx:ELF1 ratio= 573.62) correspondingpiak IFN expression (Figure 39).

However, macrophages infected with IPNV did notresp IFN and thus would not be
expected to exhibit an Mx response. There was gruifgiant difference in Mx expression

between the IPNV-infected and controls (3 hours 8.89101, 12 hours P = 1.0000, 24
hours P = 1.0000, 36 hours P = 0.9957).

Whilst the results of this experiment appear tovsleonclusively that IPNV inhibits
the IFN production in Atlantic salmon head macrags this conclusion is in conflict with
other published studies of immunity to IPNV infecti The findings of De Sena and Rio
(1975) suggested that RTG cells infected with IPw@duced IFN, with similar properties
to mammalian and avian IFNs. As this example refergfections in rainbow trout cell
lines, this may suggest that different specieg, t&kinbow trout are more resistant to IPNV
infection than others. Whilst this may be true, tle#l type investigated in this thesis could
provide another explanation for the differences oginion in literature. It could be
hypothesized that the role of the macrophage eaxplathy IPNV may have evolved
mechanisms to suppress innate immune functionfisncell. Macrophages are of great
importance as scavengers of dead and foreign rab(gtlis, 1977). Thus, the macrophage
is one of the cell types which a pathogen is likelgncounter upon entry to the host. Given
the prominent role of macrophages as effector dallshe immune response, it is not
surprising that certain pathogens have evolved am@sms to promote their survival within
these cells. Indeed, it is possible that virusehsas IPNV may exploit macrophages as a

shield from other components of the cell-mediatei daaumoral immune responses
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(Kaufmann, 1993). This may ultimately assist IPNVdeveloping a carrier state in fish
populations (Johansen and Sommer, 1995).

The findings of this thesis concur with those efisen and Robersten (2002). They
demonstrated that the TO-cell line, a cell line ethoriginates from Atlantic salmon head
kidney (Wegerland and Johansen, 2001) failed tegadan Mx response when infected
with IPNV in vitro. On the contrary, Collett al.,(2007) reported the detection of IFN in
the supernatant of macrophages from Atlantic salf@lowing infection with IPNV;
however, they also demonstrated that IPNV appetreslippress Mx expression in RTG
cells. In agreement with the findings of Colégtal., (2007) anin vitro infection of IPNV
was reported to have induced Mx in head kidneydeuis isolated from rainbow trout
(Boudinotet al, 1999). Whilst these results do not agree withrdsults of this study and
those of De Sena and Rio (1975) who reported IFMyction in RTG cells, the differences
in results could be explained by the nature ofwines. One explanation could be due to
differences in the IFN inducing abilities of theashs of IPNV used in these studies. The
strain (851/99) used by Collet al., (2007) may have been more virulent than the oed us
in this study (975/99). Bruslind and Reno (200@or¢ed that the differences in amino acid
residues located in the VP2 viral capsid proteimretate with the virulence of IPNV
isolates. It has been shown that different strain®NV induce varying levels of mortality
(Bruslind and Reno 2000; Shivaped,al.,2004; Songet al.,2005); therefore, there may be
a link between the differences in virulence betwstains of IPNV and the ability of the
virus to suppress the innate antiviral respons¢hefhost. As previously mentioned NS
proteins of viruses have been shown to be IFN amiats in a range of viral diseases (Joost

Haasnoott al.,2003; Campagnet al.,2005). The method by which RNA viruses replicate
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is error-prone (Kronket al., 2004), and therefore raises the possibility ajhdlivariations
in NS proteins occurring amongst the differentiagaf IPNV viruses which could provide
one explanation as to why a conflict exists inlttezature as to whether IPNV induces IFN
responses in fish cells.

It could be argued than vitro experiments do not give a true representatiomef t
developmentsn vivo. When studying Mx mRNA induction by IHNV (Trobridget al.,
1997) reported a strong expression of Mx followingection in vivo, whilst anin vitro
infection failed to induce a response. They suggetiat the induction was not as efficient
as in fish tissues, where the presence and intenaat several cell types might lead to more
potent induction of IFN. Jensen and Robertsen (RG@Ported that two halibut Mx
transcripts (2.2 kb and 2.6 kb) were strongly iretlia vivo by both Poly I:C and IPNV in
all organs studied. IPNV has been reported todpalgle of inducing aim vivo expression
of Mx following IPNV challenge (Jensen and Robents2000; Jensen and Robertsen,
2002; Bergan and Robertsen, 2004; Locklertal, 2006). It is possible thah vivo
experiments report the Mx expression following IPMYection that is derived from a range
of different cell types. On the other hand, thesogawhy somen vitro experiments have
demonstrated that IPNV infection fails to induceMx response may be from the use of
cell types in which the virus is able to block theN response. If IPNV does exploit
macrophages as a shield from components of themmaliated and humoral immune
responses as Kaufmann (1993) suggests is possibtethis is could explain how fish that
exhibit an Mx response become IPNV carriers.

As the results of this thesis suggest that IPN\psegses IFN production in Atlantic

salmon head kidney macrophages, and the resulthayter 4 reveal that stimulation of
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macrophages with IFN (section 5.3.6) prior to itifat aids the reduction of intracellular
viral levels, IFN therapy may represent a logiceatment to investigate as a means to treat
IPN. IFN therapy has been used to treat a rangaralff diseases in humans; IFMB is
clinically used to treat chronic active hepatiteised by hepatitis C or hepatitis B viruses
(Samuel 2001; Sen, 2001). However Goodbeitral., (2000) suggest that the ability of
viruses to block the IFN response may have consegsein relation to chronic or
persistent viral disease. Thus, while initiallyniay appear to be the most logical choice,
IFN may not represent an effective means of treatroé some chronic virus infections
because viruses have mechanisms for circumvenhiaglEN response. The findings of
Lockhartet al., (2004) agree with this suggestion, as IPNV comtthto persist for 14 days,
following an injection of Poly I:C, in naturally fiected Atlantic salmon. Poly I:C
administration was shown to successfully induce Bliggesting that induction of an IFN
response with poly I:C is probably not a feasibleams of treating Atlantic salmon
broodstock that are also IPNV carriers. Howevehaalgh IPNV has been shown to have
the ability to circumvent the type | IFN responge Atlantic salmon head kidney
macrophages, the results of the previous chapteresh that if the antivirial response was
triggered in the cell prior to infection, then theN treatment appears to have a significant
effect on reducing the level of virus in the infsttmacrophage.

In fish, there have been other positive resultgeirms of activating the innate
immune response. Jorgenseinal., (2001) demonstrated that non-methylated CpG DNA
induces production of antiviral cytokines in admtrsalmon head kidney leucocytes, and
suggested that the immune system recognises uniaeithyCpG motifs as a “danger

signal” which subsequently activates the immuneesys Following this, Jorgensemt al.,
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(2003), reported that Atlantic salmon treated viyhG DNA prior to challenge with IPNV
exhibited reduced viral titres and lower mortatitynpared to controls. Consequently, CpG
DNA could be used as an adjuvant or immunostimuwlettt the aim of reducing IPNV-

associated mortality.

6.4.2 Intracellular levelsof IPNV following infection in Atlantic salmon macrophages

IPNV:ELF-1 ratios of macrophages inoculated withl\\Pwere examined to ensure that the
virus successfully infected the cells. Figure €8ndnstrates unequivocally that there was
an increase in IPNV:ELF-1 ratio between 0 and threers post-infection (P = 0.0001).
IPNV levels also increased between three hoursQA.90) and 36 hours (45417.04) post
infection. However this increase was not signifitadifferent (P = 0.116). Experiments in
the previous chapter (sections 5.3.6 and 5.3.7)odstrate that IPNV levels did not
markedly increase throughout the duration of thpeeixnent. This suggests why IPNV is
described as harbouring within Atlantic salmon h&athey macrophages (Johansen and
Sommer, 1995). This may enable IPNV virus to peraighin its salmonid host and

maintain a life long carrier status within the fish

6.5 Conclusion

The results of this study are in agreement withliphed studies which demonstrate that
teleosts possess an innate antiviral defence systewrporating the type | IFN system.
This includes IFN-induced effector proteins suchvias Poly I:C was found to be a good

inducer of IFN, whilst IPNV appears to have evolhaedtrategy to avoid the type | IFN
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defence system of Atlantic salmon, possibly faaiitg persistence within macrophages.
The results suggest that IPNV circumvents the aatiimmune response in Atlantic
salmon head kidney macrophages by blocking IFN ywtdn. In Poly I:.C treated
macrophages IFN expression peaked at 24 hours tpiment and then immediately
declined to undetectable levels. The inability tdedt IFN at later time points confirmed
that the sampling points used in initial experinganere unsuitable for detection of the IFN
response. Blocking of IFN production would explaumy macrophages and peripheral
monocytes are a target cell for IPNV in persistemifected fish (Colleet al, 2007). The
results of this study appear to be in contrast witker studies that demonstrate IPNV has
an ability to induce Mx. However, these studiesevperformed in different types of cell
which may have the ability to induce Mx in respotsd@PNV. There is also the likelihood
that different strains of IPNV have varying IFN agonistic properties. The results
presented in this thesis support McBeettal., (2007) contention that induction of the IFN
system by IPNV involves complex virus/host intelaes and may play a role in
determining states of resistance or susceptibMith further work, it would be possible to
characterise IPNVs IFN antagonism in more detaij &0 confirm the stage of the IFN
response that this virus blocks in order to supmprdee antiviral response. A better
understanding of the IFN antagonistic propertiesinfses such as IPNV would be of great
benefit for the rational design of novel live, attated viral vaccines and holds the promise
of providing novel targets for development of aml compounds active against human

and animal pathogens (Levy and Garcia-Sastre 2001).
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Chapter 7 - General discussion

7.1 Discussion

7.1.1 Macrophage cultureand real time RT-PCR assay development

The overarching objective of this project was tadgtthe effects of IPNV on the innate
immune response of Atlantic salmon macrophages. dibge relationship of IPNV to
Atlantic salmon head kidney macrophages (Johanseh Sommer, 1995) made the
macrophage a logical choice farvitro experiments. Macrophages also play a major role in
innate and adaptive immune response (Sgreeisalhy 1997). IPNV can be detected within
the macrophages of persistently infected carrgh {Sadasiv, 1995). An understanding of
host immune responses to IPNV is crucial for theettgpment of effective vaccines to
counter this virus. IPNV vaccines must not onlytpob against disease, but also prevent the
development of infectious carriers.

Consequently, characterisation of th@nune mechanisms involved in the
generation and maintenance of the carrier-stateofigreat importance for the design of
IPNV vaccines and ultimately for the control of IPMaccines that simply reduce or
eliminate mortalities will do little to solve thegblem of IPN on a worldwide scale (Reno,
1999). In the present study, a reproducible tealnigas developed for the vitro culture
of macrophages for up to 12 days post-isolatioragtér 2). In conjunction with this a
reliable RNA extraction method was developed whatilitated quantitation of immune
related gene expression by real time RT-PCR forMPNFN and Mx relative to the

“housekeeping gene” ELF-1 (Chapter 3). Limitatiomsre imposed on this study by the

159



Chapter 7: General Discussion

yields of macrophages obtained from salmon headeisl and the inability to maintain
cultures in 96 well plates. This restricted the hemof replicates that could be studied in
IPNV infection experiments, and subsequently lichitke statistical power of experiments.
Ideally, greater numbers of replicates should halistl, but financial and logistical
constraints prevented such an approach in themregely. However as the effects of many
of the experimental manipulations were pronoundbds drawback did not negate the
overall conclusions of the project. In future sagjia larger consumables budget and more
manpower, would permit the use of experiments witlore time points and the

investigation into further mRNA targets.

7.1.2 Innateimmuneresponsesin IPNV-infected Atlantic salmon head kidney

macr ophages.

The effect of IFN on IPNV levels in infected machages was investigated in chapter 4.
The efficacy of the IFN preparations was confirnied luciferase reporter assay. Since a
relationship has been demonstrated between Mx ssipre and protection against IPNV
(Nygaardet al., 2000) it was anticipated that IFN-treated macrgeisawould be more
efficient in clearing the virus. The findings ofiglexperiment would compliment the other
findings of this thesis. It was demonstrated th@n@ation of macrophages prior to
infection helped reduce the viral levels in infecteells (section 5.3.6). As IPNV has
evolved an ability to suppress the type | IFN syste Atlantic salmon macrophages there
is a need to identify and develop therapeutic medirectivating the macrophage’s type |
IFN system prior to or in the presence of IPNV atiien. The ability of immunostimulants

to prevent infection or aid the clearance of IPNdhi infected macrophages was therefore
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investigated in the present study. Three immunasgtints, MAF, glucan and LPS, were
tested for the ability to up-regulate the innatemiome response of the Atlantic salmon
macrophage (section 5.3.5). Immunostimulants is@easistance to infectious disease, not
by enhancing specific immune responses, but by remhg@ non-specific defence
mechanisms (Sakai, 1999). All three treatmentsiastutiave been shown to be effective
against bacterial diseases. However, in the prestewly, none were able to induce Mx
expression, and thus they may not represent usefahs of controlling IPNV. The inability
to induce an Mx response may be due to the spiegifnd type | IFN signalling. If the
immunostimulants were shown to have the abilityetdvance virus clearance this could
have potentially helped prevent the establishmehtcarrier status, which would
consequently help to reduce the incidence of IPNviild and farmed fish. The lack of
published studies reporting successful use of inostimulants to mitigate virus infections

in aquaculture suggests that they may only havmigetd use.

7.1.3 IPNV levelsin Atlantic salmon head kidney macrophages

IPNV levels were investigated in macrophages foltguinfection to ascertain if replication
of the virus occurred within the cell. Followingetlllevelopment of a reproducible vitro
culture technique, it was demonstrated that Attaséilmon head kidney macrophages can
be successfully infecteth vitro (section 5.4.1). There was a significant incregséhe
infected macrophage virus levels between the timad1 day post infection sample point.
Infected macrophage virus levels were significamgtigater than in uninfected cells at all

time points. This result would suggest that IPN\5 llae ability to replicate in Atlantic
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salmon head kidney macrophages during the eargestaf infection. Peak virus levels
occurred between 3 and 5 days post infection (Eigd).

Whilst increases in the mean IPNV:ELF-1 ratios weleserved in the infected
macrophages, none of these increases were shoba sanificant between 1 and 9 days
post infection. Whilst the experiment demonstralted IPNV infects macrophages vitro,
replication of the virus may occur at relativelyildevels. IPNV levels declined between 5
and 9 days post infection, but crucially the vimas not completely cleared, as levels at 9
days post infection were still significantly greatiean in uninfected cells. This observation
is in agreement with the persistent infections reggbelsewhere.

The results of the present study are not in agraeméh several studies that
suggest that IPNV persists within macrophages witheplicating (Novaet al., 1996,
Munro et al., 2006, Colletet al., 2007). However, the present study does suggestiba
macrophage is not the cell in which the bulk otigireplication occurs in IPN of Atlantic
salmon, as originally proposed by Yat al (1982). It should be emphasised that the
experiments conducted in this thesis have focusetPdlV infection of macrophageas
vitro infection, and thus it would be interesting to gare the results witim vivo studies of
the IPNV infection.

In IFN treated IPNV-infected macrophages, IPNV lsweere significantly reduced
during the course of the experiment, suggesting tR&l may represent a potential
treatment for IPN (Figure 35). However, IPNV levaso declined in IPNV-infected
untreated macrophages. Whilst the reduction in IR&MIs was not statistically significant,
this result suggests that other components ofrtimune response may be responsible for

the declining virus levels. However, as infectedhfinormally develop a life long
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asymptomatic carrier state it is not likely, if taes any alternative antiviral response, that it
is of great significance as it is not capable efadng the virus entirely. Nevertheless, this
again highlights the advantage of a larger numlbeyenes or novel mRNA targets being
investigated in order to give a more in depth pitof the relationship between IPNV and
the head kidney macrophage. For a clearer insigbthiow IPNV replicates in head kidney
macrophages, qRT-PCR utilising absolute quantibcatwould provide more rigorous
results than the relative quantification methodduse the present study. LaminariW,
anguillarumLPS and MAF were found to be incapable of indudiyg and therefore may
be better suited to the control of bacterial dissas

The absence of IPNV in macrophage culture mediesassl by infectivity assays in
CHSE-214 cells suggests that any decline in IPNXele is a result of the virus being
broken down in macrophages rather than shed. Haw#\ve possible that washing of the
macrophage monolayers and replacing of the cuthedium may have led to the removal

of any virus shed by the cells.

7.1.4 Suppression of typel IFN responsein Atlantic salmon macrophages by | PNV

In order to develop effective vaccines it is helgfu have an understanding of the host-
pathogen relationship. Many fish viral pathogensldsh a persistent carrier state in the
host; however little is known about the mechanismlved in the establishment and
maintenance of viral carrier states in fish and hamuses evade the hosts defences (Ellis,
2001). As the innate immune system is the firs i defence against viral infections, and
as the response of this system is primarily througtuction of type | IFN's and the

activation of NK cells, viruses frequently act se ® subvert one or more of these
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mechanisms to prolong survival (Rgnnesstial., 2006). The findings of the present study
suggest that IPNV targets the type | IFN systerd, thrs may facilitate the establishment of
a carrier state. More specifically the results emésd in Chapter 5 (section 6.3.1)
demonstrate that IPNV has evolved the ability tocklIFN production. No expression of
IFN or Mx occurred in IPNV-infected macrophages tire experiments conducted in
Chapter 4 (sections 5.3.4 and 5.3.5) and since kpression occurred in the Poly I:C
treated macrophages (which serve as a positiveatpnt is probable that this was due to
IPNV-mediated immunosuppression. Unfortunately, sanpling points in experiments
conducted in chapter 4 were not optimal to detédt expression, and consequently no
definite conclusions could be made concerning h&MM suppresses the type 1 IFN
response. However, through the use of samplingtpgqasitioned earlier in the course of
infection, it was possible to demonstrate that Ipfdduction was blocked by IPNV as
opposed to IFN signalling (Figure 39). Further eaterisation of the mechanism through
which IPNV prevents IFN production would be of gréanefit to the development of an
IPNV vaccine, as it may be possible to generagnatted viruses by altering specifically
those gene(s) responsible for inhibition of IFNdtion (Goodbourret al.,2000).

In summary, methods for the vitro cultivation of macrophages and quantitative
RT-PCR were used to characterise innate immuneonsgs in IPNV-infected Atlantic
salmon macrophages. The results of this researggest that IPNV may block IFN
production rather than IFN signalling. Three immstimaulants (MAF, LPS and glucan)
were ineffective in boosting macrophage innate imentesponses to IPNV. These results
highlight potential means to control IPN throughiomal design of attenuated IPNV

vaccines.
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7.1.5 Relevance of findingsto the current status of PN in Scotland

Persistent IPNV infection of Atlantic salmon posesignificant and costly threat to the
aquaculture industry. Scottish salmon productio2000 exceeded 130,000 tonnes and, at
£400M, contributed up to 40% of Scottish food expgRae, 2002). According to Murray
(2006 b) most of this production occurred in anwdk few economic alternatives, therefore
losses of salmon production due to IPN are of a@rable importance. IPN is an example
of a disease which is emerging in the aquacultbifeafish. This disease was first reported
from trout hatcheries in North America in the 1950%ood et al, 1955) but has since
spread to most countries with salmonid productkdence, the results of the present study
are particularly timely. Moreover, recent legislatchanges have increased the requirement
for effective means of controlling IPN. On commemeat of this study IPN was
categorised as a List Ill disease under Annex Awfopean Union (EU) council directive
91/67. Therefore in Great Britain IPN was a notifeadisease under The Diseases of Fish
Acts 1937 and 1983. A recent assessment has igen?NV as an increasingly common
pathogen in farmed Scottish Atlantic salmon; wittero 80% of marine sites are now
infected (Murray, 2006 a). As a result of this eese in prevalence, during the course of
this study IPN was deregulated from a List 11l @ise to a non notifiable disease rating. IPN
IS now so widespread, the threat of IPNV infectitn Atlantic salmon is of great
significance for the farmer, and subsequently iases the need for them to protect their
fish. It is a widely held opinion that the only eftive way to control virus infections in
aquaculture is to prevent the exposure of fish ath@genic viruses and especially to
prevent movement of infected fish between farmsKkBet al, 1995; Williamset d., 1999;

Milne, 2006 a). However, as the virus is so wideagrthere is little that can be done by the
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farmer to prevent his stock coming into contachwite virus. A stark reality of this is the
susceptibility to an outbreak of IPN in Atlanticlre@n post-smolts shortly after seawater
transfer (Rgnnesettt al.,2006). This therefore increases the importanagnderstanding
the immunity of Atlantic salmon with respect to I?Nnfection, and subsequently
undertaking research into how the immune systembeaenhanced. Possible steps to limit
the consequences of IPN might involve the improvenad disease resistance through
breeding programmes, and modulation of the immunithrough vaccines,
immunostimulants or other means.

To put the findings of this study in context wrdspect to the current status of IPN
in Scotland, there are many areas of work thatireaitention. It is the opinion of Murray
(2006 a) that in practice eradication of IPNV fr@onotland now seems impractical. This
study appears to be the first in the literaturelémonstrate that IPNV specifically blocks
the production of IFN within Atlantic salmon machages. Further characterisation of the
mechanism of IFN inhibition by IPNV would assisttiwithe development of control
measures. In terms of making fish more resistam®iV the most obvious solution would
be vaccination to make the post-smolts less sustepd infection. According to the report
of the Aquaculture Health Joint Working Group ofelitious Pancreatic Necrosis Virus in
Scotland published by the Scottish Executive, sdwaccines against IPNV are currently
undergoing field trials in marine sites in ScotlaNdrway and Chile. However, the efficacy
of these vaccines in protecting against mortahtypost-smolts is still uncertain because of
the lack of reliable lethal challenge models. Irdiadn, the development of vaccines
against infectious diseases is time consuming dinthately expensive (Randoniet al,

2004). It may also be difficult to administer vams to salmon at the fry life cycle stage. It
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is hoped that results as presented in this thesisinerease the understanding of IPN,
however there are still many more questions stilbé answered concerning the persistence
of IPNV within the fish. Moreover, since there an@ effective treatments available against
IPN more research is required. For example, furtherk is essential to characterise the
Atlantic salmon innate immune response. Effectireatments against IPN are vital to
enable economically viable culture of Atlantic salmto continue in an area where
eradication of the virus seems impractical. A numidfepotential approaches are discussed

in the ensuing future work section.

7.2 Futurework

In this thesis, a technique was developed for thie of macrophages and the subsequent
extraction of RNA for use in real time RT-PCR aaly of immune targets. This enables an
opportunity for reproduciblen vitro studies of macrophage immunity to IPNV. In the
present study Mx and IFN have been investigatedthay with IPNV levels in infected
macrophages. Other molecular biological methodddcalso be applied to the study of
macrophage immunity to IPNV. For example, microatechnology provides a powerful
tool for measuring the expression levels of largenbers of genes simultaneously and
creates unparalleled opportunities to study complegsiological or pathological processes,
including the development of disease, that are atedi by the co-ordinated action of
multiple genes (Kerret al., 2000). Detection of genes differentially expressenioss
experimental, biological, and/or clinical conditoms a major objective for microarray

experiments (Taret al., 2006). Microarray analyses of IPNV-infected matrages and
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controls would represent a powerful means of chiarsing the immune response to an
important fish pathogenic virus.

The results of the present study were based Bntrein vitro experiments. As
discussed above, the results of this thesis acenflict with other studies, with respect to
the ability of IPNV infected macrophages to expriebs Whilst all attempts were made to
provide the optimal culture conditions for the nuogdrages, ann vitro experiment can
never fully reproducen vivo conditions. Therefore it would be of interest nduct an
experiment where Atlantic salmon are challenged vivo with IPNV, with head
macrophages sampled over a time period post-iofeciihe expression of IFN and Mx
within these macrophages could be compared to @srdand also macrophages infecited
vitro. This would reveal whether isolation and vitro culture effect macrophage gene
expression.

It would also be interesting to investigate theeiaction between IPNV and other
cell types. According to Rgnneseathal.,(2006) the role of neutrophils and their regulation
during infections in fish is poorly understood. $heauthors demonstrated that neutrophils
are involved in virus clearance and are affected IB\WV for weeks after the
commencement of infection. This again raises thgontant question, how well da vitro
studies represent what is happening within a fBDuilding on the knowledge gained in
this study regarding the innate immune responseAtdéntic salmon head kidney
macrophages in response to IPNV, it would be péssdinvestigate the IFN suppressing
abilities of IPNV in other cell types. By identifyg all the possible sites of virus

persistence, it would enable a greater understgrafithe carrier state.
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The most important area of work that requireshierrtresearch as a consequence of
the findings of this study concerns the abilitylBNV to block IFN production in Atlantic
salmon head kidney macrophages. With further wibnkould be possible to characterise
more comprehensively the interaction between IPNM &ost encoded proteins. One
possible method of identifying which structure BNV is responsible for blocking the IFN-
o/} response in Atlantic salmon head kidney macrggdavould be RNA interference
(RNAI). In recent years, sequence-specific genensihg has been an area of increasing
focus, both because of its interesting biology bBadause of its power as an experimental
tool (Denli and Hannon, 2003). In animals and protozeaegspecific double-stranded
RNA triggers the degradation of homologous cellli®As, the phenomenon of RNAI.
RNAI has been shown to represent a novel paradigeukaryotic biology and a powerful
method for studying gene function (Ulkt al., 2002). Target genes can be silenced by
transfection of chemically or enzymatically synized small interfering RNAs (SiRNA) or
by DNA based-vector systems that encode shortgiarRNAs (shRNAs) that are further
processed into siRNAs in the cytoplasm (Bu al., 2006). Campagnat al., (2005)
designed 19bp siRNAs to target the genome segnierdf Iwo strains of Rotavirus to
demonstrate that NSP5 is an essential proteirhfofdrmation of viroplasms and for virus
replication. Both sSiRNAs were entirely specific ahey abolished the expression of NSP5
through the knockdown of segment 11 RNA. It hasnb&eygested that as RNAI has been
shown to play a role in viral clearance studiesp@daet al., 2006; Yoon, 2004; Wang,
2004), therapeutic induction of RNAI either aloneim combination with IFN treatment
might represent an alternative approach for thatriment of chronic diseases (Kapadia

al., 2006). Inhibition of virus replication by meansinfluced RNAi have been reported for
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numerous viruses, including several important humaathogens such as human
immunodeficiency virus type 1, hepatitis C virusphtitis B virus, dengue virus, poliovirus
and influenza virus A. Examples of these are reggkwn Joost Haasnoet al., (2003).
However, Kronkeet al., (2004) have raised the important point that theorgsrone
replication of RNA viruses, which gives rise to tlagid evolution of escape mutants, may
represent an obstacle for the development of siRid#ed gene therapies. For this reason,
they suggest that RNA viruses and retroviruseshelespecially difficult to eradicate.

Once the viral structure responsible for the bilogkof the IFN-a/f3 response is
identified, it would be possible to examine theedireffect of the interaction between the
antagonist and the various steps in the IFN pathwhgough doing this, the specific stage
at which the virus blocks the production of IFN Wble revealed. A commonly used
techniqgue that has been used to facilitate theystdidorotein-protein interactions is the
yeast two-hybrid system (Fields and Song, 1989 Jystem is based on the ability to split
a transcription factor (GAL4) into two separablendtional domains: a DNA-binding
domain and a transcriptional activation domain.Eaoe when expressed separately is
unable to activate transcription. These domainsuaesl to generate hybrid proteins to be
tested for potential protein-protein interactiomagtids encoding two hybrid proteins one
consisting of the GAL4 DNA-binding domain fused ttee “bait” protein and the other
consisting of the GAL4 activation domain fused he tprey” protein are constructed and
introduced into the yeast (Chiegt al., 1991). Once “bait” protein - “prey” protein
interaction is generated, it reconstitutes a fumati transcription factor that can be readily
monitored using reporter gene assays in yeast @f&iom 2000). However according to

Shiodaet al., (2000) some interactions of mammalian proteins matyoccur in the yeast
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milieu because of possible lack of associatingoiagtprotein modifications (such as signal-
induced phosphorylation), or correct protein fofirAs a result, Shoidat al., (2000)
developed a mammalian cell two-hybrid screeningesysto identify interacting proteins
that are difficult to detect by the yeast systeraowdver, these methods are restricted in the
fact that they do not cater for transcription faciateractions and will only indicate if
protein interaction has occurred. As this methody ddentifies interactions between
proteins it would therefore only be possible toastgate which proteins corresponding to
the numerous stages of the IFN pathway the IPNVAgomtistic structure interacts with.
Subsequently one is only able to propose that IENKINg may occur at this stage as the
yeast 2 hybrid method does not demonstrate howrttésaction affects the outcome of the
pathway.

As two-step real time RT-PCR has been implemerdeahtlyse the expression of
targets in this thesis from the extracted macropRNA, a library of cDNA which can be
kept indefinitely (Bustin, 2000, Petees al, 2004), is generated for each experiment. This
is a considerable advantage as other mRNA targaisbe quantified with relative ease
when new and interesting targets are detectedlm ¥With investigation into further targets
it would be possible look for alternative targetshim the macrophage IFN system which
are affected by IPNV infection, and subsequently thay be another way of highlighting
the specific stage at which the virus blocks IFNduction. Thus, the cDNA stocks
produced in this project represent a useful resodar further study of macrophage

immunobiology.
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