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Abstract

2 ABSTRACT

Infectious salmon anemia virus (ISAV) is a virus causing severe disease in Atlantic
salmon (Salmo salar L.). Although its structure and pathogenesis is well described, little is
known about its effects on the expression of genes related to different stress responses in the
host cell. ISAV is a virus that is probably causing apoptosis in Atlantic salmon, but the
mechanisms are not yet fully understood. Interferons (IFN) and interferon induced genes
(ISG), which is important of the host control of virus infections, is highly expressed after
ISAV infection. But it looks like that ISAV has developed mechanisms that help it evade the
host immune response.

In this study we analyzed the relative expression of different stress related genes after
ISAV infection and poly I:C stimulation in Atlantic salmon kidney cell line (ASK). Poly I:C
is widely used as synthetic dSRNA analog in vivo and in vitro and has also demonstrated to
induce antiviral responses in Atlantic salmon. When we compare these two stress situations
with each other we may better understand the innate immune responses during viral infections
in this commercially important fish species.

As measured by quantitative real-time PCR, both ISAV and poly I:C stimulated cells
induced a high up-regulation of interferon-a and interferon induced genes as expected.

In confocal immunofluorescence microscopy it was detected that ISAV still replicates at day
5 post infection, and that it induces a cytophatic effect in ASK cells, indicating that
interferons have little antiviral effect on ISAV.

Furthermore, there was observed an up-regulation of different cytokines, stress related
genes and even apoptotic related genes, like IAP, both in ISAV infected and poly I:C
stimulated ASK cells.

Galectin-9, that may be involved in T-cell apoptosis, was up-regulated in both ISAV
infected and poly I:C stimulated cell. The protein expression of galectin-9 was analysed using
immunofluorescence microscopy.

The result of this study strongly indicates that different stress related genes, which
may be involved in the host immune response is induced after ISAV infection. These results

can lead to a better understanding of the pathogenesis of ISAV in Atlantic salmon.
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3 INTRODUCTION

3.1 Orthomyxoviridae

ISAV is a member of the orthomyxoviridae-family. The Orthomyxoviridae are a family
of RNA viruses that includes five genera: Influenza virus A, Influenza virus B, Influenza virus
C, the tick-borne Thogotovirus and the marine/aquatic Isavirus. Orthomyxoviruses are
enveloped and contain segmented, linear and negative-sense (complementary to mRNA)
single-stranded RNA.

The genomic RNA of negative-strand RNA viruses has to serve two functions; first as a
template for synthesis of mRNA and second as a template for synthesis of the antigenome (+)
strand. Negative strand RNA viruses encode and package their own RNA-dependent RNA
polymerase, but mRNAs are synthesized only after the virus has been uncoated in the infected
cell. Viral replication occurs after synthesis of the mRNAs and requires synthesis of viral
proteins. The newly synthesized antigenome (+) strand serves as the template for further
copies of the (-) strand genomic RNA (Fields et al 1996).

It has been shown that influenza A, influenza B and ISAV contain eight RNA
segments;(Mjaaland et al., 1997) influenza C contains only seven segments and the
Thogotovirus six segments (Cox et al., 2004, Hagmaier et al., 2003)

The most conserved othomyxovirid protein has been shown to be the polymerase
protein (PB1), which makes it a good candidate to evaluate the evolutionary relationships
between ISAV and members of the Orthomyxoviridae.

The occurrence of consensus regions in the RNA-dependent DNA polymerase has led
to the assumption that the sequence similarities may be linked to the existence of a common
ancestral genetic element bearing a polymerase function, which emerged only once during the

evolution (Krossoy et al., 1999). (Fig 3.1)

ISAV
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Fig 3.1: Genetic distance tree drawn by the neighbour-joining
e method. The relationship between the orthomyoviruses based on
the PB1 polymerase protein (figure from (Krossoy et al 1999))
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Calculations of the distances between the different PB1 proteins indicate that the
ISAV is distantly related to the other members of the family, but more closely related to the

influenza viruses than to the Thogoto viruses.

3.1.1 Structure and genome organization of orthomyxoviruses

Influenza viruses are part of the family Orthomyxoviridae, and can be classified into
Influenza A, Influenza B and influenza C. Influenza A are further classified into subtypes
based on the antigenicity of their hemgglutinin (HA) and neuraminidase (NA) molecules.

All influenza viruses are characterized by a segmented negative-sense RNA core
surrounded by a lipid envelope. The A and B types are distinguished by two integral
membrane glycoproteins, HA and NA, that protrude from the virion surface. Within the lipid
envelope are the matrix (M1) protein and RNA segments, which are associated with
nucleoprotein (NP) and three large polymerase proteins, PA, PB1 and PB2. These polymerase
proteins, with NP, are responsible for RNA replication and transcription.

The HA spikes are rod-shaped, whereas the NA spikes resemble mushrooms with

slender stalks. (Fig 3.2)

Fig 3.2 Structural features of influenza A virion. Two glycoprotein spikes, hemagglutinin (HA) and
neuraminidase (NA) and the M2 protein are embedded in a lipid bilayer derived from the host plasma
membrane. The ribonucleoprotein complex (RNP) consists of viral RNA, associated with the nucleoprotein (NP)
and three polymerase proteins (PA, PBI1, PB2). NS2 (NEP) is associated with RNP, while the M1 protein is
associated with both RNP and the viral envelope. Thus, NS1 is the only non-structural protein of influenza A
virus. (figure from (Neumann, 2007)
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Influenza A virus contains genes for nine structural and one non-structural protein.
The polymerase proteins PA, PB1 and PB2 are coded by the largest RNA segments. These
three proteins are highly conserved in influenza A viruses. PB1 is required for the initiation
and elongation of newly synthesized viral RNA. PB2 recognizes and binds to type I cap
structures of cellular mRNA, and is essential for viral mRNA synthesis. The PA protein is an
essential component of the viral polymerase complex. It is required for viral RNA replication
and may be involved in transcription. Accounting for about 25 % of viral proteins, the HA is
distributed evenly on the surface of virions and is responsible for the attachment and
subsequent penetration of viruses into cells. NP, the most abundant component of RNP, is a
type-specific antigen associated with viral RNA (Neumann, 2007).

The tetrameric NA protein of influenza A viruses is one of two major glycoproteins
on the virus surface. Both HA and NA plays a role in host range restriction.

M1 is the most abundant virion protein and a type-specific antigen of influenza
viruses. M1 is the major determinant of virus budding; furthermore it determines the
morphology of influenza virions.

M2 proteins are thought to function as pH-activated ion channels that permit protons
to enter the virion during uncoating, thereby modulating the pH of intracellular compartments.
This function is essential for the prevention of acid-induced conformational changes of
intracellularly cleaved HAs.

NS1 is the only non-structural protein of influenza A virus, and is produced in
abundance during early infection. It binds to double-stranded RNA, preventing the activation
of interferon-induced protein kinase R and transcription factors (described later), suggesting a
role of this protein in the prevention of interferon-mediated antiviral responses.

NS2 (NEP) likely functions as the viral nuclear export protein by connecting the
cellular export machinery with vVRNPs through M1 (Neumann, 2007).
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3.2 Infectious salmon anemia virus

Infectious salmon anaemia virus (ISAV), an economically important new pathogen in
marine aquaculture (salmon farming), is classified in the family Orthomyxoviridae,(Falk et
al., 1997) genus Isavirus. It was first described as a disease entity in juvenile Atlantic salmon
in Norway in 1984. Affected fish were found to be lethargic and had severe anemia with
characteristic symptoms like exophthalmia, pale gills, ascites, hemorrhagic liver necrosis,
renal interstitial hemorrhage and tubular nephrosis (Thorud, 1988). Outside Norway ISAV
was recognized during 1997-2000 in salmon farms on the Atlantic coast of Canada, USA, in
Scotland and the Faeroes.

There are indications that the gills are the most likely port of entry for ISAV, but the
intestinal route cannot be excluded (Mikalsen et al., 2001). Endothelial cells are one of the
main target cells for ISAV, but the presence of virus in other cells, like polymorphonuclear
leukocytes, has been reported.

ISAV is known to cause overt and fatal systemic infection in farmed Atlantic salmon.
The clinical ISA disease can also occur in wild free-ranging Atlantic salmon, but these fish
are less susceptible than farmed Atlantic salmon, due either to genetic differences or
environmental factors caused by management practices on salmon farms.(Kibenge et al.,
2004)

ISAV may infect and replicate in sea trout, rainbow trout, eels, herring (Clupea
harengus) and Artic char (Salvelinus alpinus), resulting in asymptomatic, probably life-long,
carrier status of the virus (Kibenge et al., 2004).

ISAV does not infect human or other mammals because the virus is inactivated at pH
values below 4.5 and does not replicate in vitro at temperatures of 25 °C or above. (Falk et al.,
1997) The optimum growth temperature for ISAV in fish cell lines is 10-15 °C (Dannevig et
al., 1995) (Falk et al., 1997).

Before 1995, the isolation and propagation of ISAV in vitro was not possible because
the continuous fish cell lines available at the time did not appear to support replication of the
virus. In 1995 a continuous cell line, SHK-1, was established from a culture of Atlantic
salmon head kidney leukocytes. The SHK-1 cell line allowed replication of ISAV with
development of cytopathic effects (CPE) (Dannevig et al., 1995). Additional cell lines that
support the replication of ISAV have later been developed and are, like the SHK-1 cell line,
able to produce CPE. The Atlantic salmon kidney (ASK) cell line was also developed from
Atlantic salmon head kidney tissue (Devold et al., 2000). Comparison of the SHK-1 and ASK

10
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cell lines indicated that the ASK cell line was highly useful in a diagnostic laboratory setting
based on its ability to adapt to standard cell culture routines, ease of maintenance, and the

rapid and distinct CPE induced by ISAV (Rolland et al., 2005).

3.2.1 Structure and genome organization of ISAV

ISAV shares several morphological, biochemical and physiochemical features with
influenza viruses. It is the only known species of the genus Isavirus, one of the five genera of
the family Orthomyxoviridae, as already described. Viruses in the genus Isavirus are
enveloped particles 90-140 nm in diameter with 13-15 nm long mushroom-shaped surface
projections consisting of a combined reseptor-binding hemagglutinin and receptor-destroying
enzyme activity that has been demonstrated to be an esterase, hence recently designated HE
(Falk et al., 2004).

The genome is composed of eight segments of linear, single-stranded negative sense
RNA ranging in length from 1.0 to 2.4 kb with a total molecular size of approximately 14.3
kb (Clouthier et al., 2002). All the eight RNA segments of ISAV have been sequenced. The
order of the genome segments encoding the proteins in ISAV appears to differ from those of

influenza viruses (Table 3.1).

Table 3.1: Comparison of genome coding assignment for Isavirus and Influenzavirus A

Genome segment Isavirus Influenzavirus A
1 PB2 (84 kDa) PB1 (96 kDa)
2 PB1 (84 kDa) PB2 (87 kDa)
3 NP (77 kDa) PA (85 kDa)
4 PA (71 kDa) HA, (48 kDa), HA;, (29 kDa)
5 gp50 (47 kDa) NP (50-60 kDa)
6 HE (42 kDa) NA (48-63 kDa)
7 p32 (32 kDa), NEP(18 kDa), | M1 (25 kDa), M2 (15 kDa)
pll (9,5 kDa)
8 M1 (24 kDa), NS1 (16 kDa) | NS1 (25 kDa), NS2 (12 kDa)

Gene products: PB2, PB1 and PA, polymerase; NP, nucleoprotein; HA, hemagglutinin;
gp50, an envelope protein, that may be a fusion-protein in Isavirus; HE, hemagglutinin
esterase in Isavirus; NA, neuraminidase; M1, matrix protein; p32, a structural protein of
unknown function in Isavirus; M2, ion channel protein; p1l1, protein of unknown status and
function in Isavirus; NS1, non-structural protein 1; NS2, non-structural protein 2 (NEP).
(Kibenge et al., 2004)
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The proteins comprising the polymerase heterotrimer are analogous to influenza virus.
Segment 1 encodes the protein that is thought to be the PB2 protein of ISAV (Snow et al.,
2003b). Segment 2 encodes the PB1 protein, which is the most conserved protein of
orthomyxovirus; while the third polymerase protein PA, is encoded by segment 4 (Ritchie et
al., 2001) (Snow and Cunningham, 2001). Along with the polymerase proteins, the
nucleoprotein is encoded by segment 3 (Ritchie et al., 2001). ISAV contains two surface
glycoproteins encoded by segment 5, gp50 (47 kDa) and 6 (42 kDa). gp50 is an envelope
protein that has been shown to be a membrane fusion protein which requires proteolytic
cleavage to induce fusion (Aspehaug et al., 2005), while the 42 kDa protein encodes the
hemagglutinin-esterase (Krossoy et al., 2001) (Rimstad et al., 2001). Segments 7 and 8 have
two overlapping ORFs. ISAV genomic segment 7 was suggested to share a similar coding
strategy with segment 7 of influenza A virus, encoding two proteins. But it has been shown
that ISAV segment 7 encodes 3 molecules with estimated molecular masses of 32, 18 and 9.5
kDa. The 32 kDa protein is a structural protein, the 18-kDa protein is identified as the putative
ISAV nuclear export protein, while the function of the 9.5 kDa protein is not known (Kibenge
et al., 2007). It is only speculated that segment 8 encodes the matrix protein (Bierin et al.,
2002). (Table 3.2)

Thus, the ISAV genome encodes at least ten proteins, of which nine are structural and

one is non-structural. (Kibenge et al., 2004).

Table 3.2: RNA-segments to ISAV

Segment Encoded Predicted
Segment | Length (kb) protein Molecular
Mass (kDa)
1 2.4 Polymerase (PB2) 84
2 2.4 Polymerase (PB1) 84
3 2.2 Nucleoprotein (NP) 77
4 1.9 Polymerase (PA) 71
5 1.6 Envelope protein (gp50) 47
6 1.5 Hemagglutinin esterase (HE) 42
7 1.3 p32, nuclear export protein(NEP), p11 32,18,9.5
8 1.0 Matrix protein (M1), non-structural 24,16
protein 1 (NS1)

12
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3.3 Apoptosis and virus infection

There are two major modes of cell death, i.e., necrosis and apoptosis, and these differ
both morphologically and biochemically. Necrosis is characterized by the swelling of
mitochondria, early rupture of the plasma membrane, dispersed chromatin and early
destruction of the intact structure of the cell. Apoptosis is characterized morphologically by
cell shrinkage and hyperchromatic nuclear fragments and biochemically by chromatin
cleavage into nucleosomal oligomers. The cell will shrink and condense into multiple small
membrane-bound “apoptotic-bodies” which can be targets for phagocytes. This removes
apoptotic cells without leaking the cytoplasmic contents into the intercellular space, and this
will minimize tissue inflammation (Mullauer, 2006).

Apoptosis has now been documented for many cell types in addition to lymphocytes.
It can occur in response to stimuli ranging from toxic substances to hormone and cytokine
addition or withdrawal and, most importantly, virus infections (Hinshaw et al., 1994).

The original definition of apoptosis states that this form of cell death does not make an
inflammatory response. However, recently this class definition has been revised as apoptosis
in certain situations, such as pathogen invasion, can induce an inflammatory response, which
may promote the activation of an immune response (Restifo, 2000).

Apoptosis is characterized by several morphological changes, and can be triggered via
one of several pathways. It can activate the protein kinase/ phosphatase cascade or the release
of secondary messengers, which act as positive or negative transcription factors for specific
genes.

Another common event in most of these pathways is the activation of a group of
proteases called caspases. Caspases can be separated into two groups, the initiator (capasese-
8, -9, -10 and -12) and the effector (caspase-1, -3, -6 and -7).

Influenza virus can induce apoptosis in different cell types in the latest stages of
infection both in vivo and in vitro, but the mechanism is still unclear. One of the major
problems is the large number of cell types being studied, because the apoptotic response can
vary from different cells and activation stimulus. Furthermore, the initiation of one pathway
can induce multiples signal transduction cascades through feedback loops, but the final

outcome of the apoptotic response appears to be universal. (Fig 3.3)
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Fig 3.3: Apoptosis signalling pathways induced by influenza virus infection. Upon engagement of Fas ligand
(FasL) a death signal is transmitted from Fas by the recruitment of FADD through the interactions of their death
domains (DD). FADD binding is followed by pro-caspase-8 binding, to form the death-inducing signalling
complex (DISC). This results in the activation of caspase 8, which subsequently leads to the initiation of a
caspase cascade and ultimately the activation of death substrates. Caspase-8 also acts on the mitochondria
causing a permeability transition (PT) pore. This results in the release of cytochrome c, which in association with
Apaf-1 activates caspase-9 family members, thus enhancing the caspase cascade. Bcl-2 inhibits the release of
cytochrome ¢ from the mitochondria but is itself inhibited by Bax. Apoptosis inducing factor (AIF) is also
released from dysfunctional mitochondria. AIF binds DNA initiating chromatin condensation. The activation of
protein kinase (PK)-R by double stranded (ds) RNA can also activate caspase-8, by a Fas-independent
mechanism, leading to the activation of caspase-9. In addition, PKR activates Nuclear Factor (NF)-jB leading to
up-regulation of pro-apoptotic gene expression. NF-jB can also be indirectly activated by reactive oxygen
species (ROS) and free radicals produced during virus infection. ROS and free radicals also act on the
mitochondria causing changes in membrane potential and the release of cytochrome c. Endoplasmic reticulum
(ER) stress due to the overproduction of viral glycoproteins activates apoptosis signal-regulating kinase (ASK)-
1, which together with tumour necrosis factor receptor-associated protein (TRAF)-2 binds to interferon response
element-1 resulting in the up-regulation of pro-apoptotic genes. PKR may also directly activate ASK-1. Another
apoptotic pathway involves the activation of TGF-b. TGFb initiates a signalling cascade leading to the activation
of c-Jun N-terminal kinas (JNK) or stress activated protein kinase (SAPK) again resulting in the activation of
transcription factors and up-regulation of pro-apoptotic gene expression. Different virus protein can also be
involved in apoptosis. (Figure from (Brydon, 2005)

Protein kinase R (PKR) is a key regulatory component in many apoptotic pathways
and is induced by IFN and activated by dsRNA. Activated PKR has been detected in a
number of different cell types infected with influenza virus (Takizawa et al., 1996,
Balachandran et al., 1998), and leads to several downstream events like phosphorylation of
eukaryotic initiation factor (elF)-2,(inhibit protein synthesis) activation of transcription factor
NF-kB and transcriptional induction of pro-apoptotic genes like those coding Fas, p53 and

Bax.
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Active PKR can also lead to a recruitment of caspase-8 via the cytoplasmic protein Fas
associated domain (FADD), which leads to initiation of the caspase cascade. In Madin-Darby
canine kidney (MDCK) cells, the influenza virus-induced apoptosis correlate with an up-
regulation of Fas, in addition caspase-8 and caspase-3 are activated. This suggest that virus-
induced apoptosis is, at least in part, mediated via the formation of a FADD/caspase-8
complex by PKR, which activates the caspase cascade independently of Fas (Balachandran et
al., 1998). But it has also been indicated that Fas may be involved in viral induced apoptosis,
perhaps as a secondary mechanism.

Another apoptotic pathway involves the activation of TGF-B. TGF-B initiates a
signalling cascade leading to the activation of c-Jun N-terminal kinases (JNK) or stress
activated protein kinase (SAPK) resulting in activation of transcription factors and up-
regulation of pro-apoptotic gene expression.

Viral neuraminidase (NA) activates latent TGF-B, and influenza virus-induced
apoptosis of MDCK cells is partially inhibited by TGF-B-specific antibodies, which indicates
the important role of TGF-B in apoptosis (Schultz-Cherry and Hinshaw, 1996). TGF-8
activation has also been in apoptosis of lymphocytes.

Recent studies have indicated that caspase-8 activation is the predominant apoptotic
pathway in human bronchiolar cells, but it has been shown that a second apoptotic pathway
has been indicated, the apoptosis signal-regulating kinase (ASK)-1 pathway (Maruoka et al.,
2003).

Endoplasmic reticulum (ER) stress due to the overproduction of viral glycoproteins
activates ASK-1, which together with tumor necrosis factor receptor-associated protein
(TRAF)-2 binds to interferon response element-1 resulting in the up-regulation of pro-
apoptotic genes (Maruoka et al., 2003). The activation of PKR may also potentiate this
system, by direct activation of ASK-1.

Studies using the human embryonic kidney cell line have shown that M1, HA, or NP
generates reactive oxygen species (ROS), which leads to IxB kinase expression and ultimately
NF-kB activation (Flory et al., 2000).

Many of the apoptotic pathways described above result in the activation of
transcription factors such as AP-1 and NF-kB, which are known to regulate the expression of
several cytokines and chemokines. Thus, the activation of these transcription factors provides
a direct link between apoptosis, cytokine expression and inflammation (Brydon et al., 2005).

An intrinsic apoptosis pathway focuses on mitochondria and is triggered by various

types of cellular stress that lead to a change in the permeability of the outer mitochondrial
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proteins into the cytosol. Cytochrome ¢ plays a key role, and it will bind to the cytosolic
adaptor molecule Apaf-1 and induce its oligomerization (Kroemer and Reed, 2000).
Oligomerized Apaf-1 activates caspase-9, which activates a cascade of caspase reactions.

The mitochondrial branch of apoptosis signalling is regulated by bcl-2 and its
homologs. Bcl-2 is an antiapoptotic protein that is on the cytoplasmic face of the
mitochondrial outer membrane and inhibits apoptosis by blocking the release of cytochrome
c. It is the prototype of a family of related proteins with either antiapoptotic (Bcl-2, Bcl-Xyp) or
proapoptotic (noxa, Bid, Bax, Bcl-X;, Bak and Bad) functions. Pro- and antiapoptotic Bcl-2
family members and their relative concentration determine the susceptibility to apoptotic
stimuli (Gross et al., 1999).

A second intrinsic apoptosis pathway features the nuclear protein p53 at center stage.
The molecule links cell damage to cell cycle arrest and apoptosis. It is activated in response to
DNA damage and arrest cells with damaged DNA in the cell cycle. If DNA damage is severe,
and dependent on cell type and the state of oncogene activity of a cell, p53 initiates apoptosis,
partially by inducing the transcription of proapoptotic genes like Bcl-2 associated X protein
(Bax) (Vogelstein et al., 2000).

The role of various viral proteins during influenza virus-induced apoptosis has also
been studied. It has been shown that NS1 (non-structural) protein is capable of inducing
apoptosis when expressed in cell cultures (Schultz-Cherry et al., 2001). Other studies,
however, suggest that NS1 also possesses anti-apoptotic potential (Zhirnov et al., 2002a).

As already mentioned earlier, NA can activate latent TGF-B, a broad inducer of
apoptosis.

Interaction of M1 (matrix) protein of influenza A virus with cellular caspase-8
suggests that M1 protein may have a role in virus-induced apoptosis (Zhirnov et al., 2002b).

A new influenza virus gene product, PB-F2 (produced by a +1 reading frame in the
viral RNA segment that encodes polymerase subunit PB1) has also been shown to play an
important role in apoptosis (Chen et al., 2001a). Thus, influenza viruses may have multiple
mechanisms that contribute to the induction of apoptosis in host cells.

ISAV-induced apoptosis in SHK-1 cells occurs via the caspase-activation pathway,
but may not involve activation of caspase-3. It has been shown that ISAV proteins,
particularly the protein encoded by RNA segment 7 ORF2, have the potential to bind caspase-
8 specifically, which might have implications in ISAV-induced apoptosis (Joseph et al.,
2004).
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3.4 Interferon-response and virus infection

When a cell becomes infected with a virus it responds by making cytokines called type I
interferons. The main effects of interferon are to interfere with viral replication in the infected
cell, and to signal neighboring uninfected cells that they too should prepare for a viral
infection. Further effects are to alert cells of the immune system that an infection is started.
Virtually all cell types can make interferon and its cell-surface receptor, consequently making
them ready to thwart a virus-infection. There are many different forms of type I interferons.
The most important ones are interferon-f§ and interferon-a.

Interferon response can lead to an induction of cellular proteins that interfere with viral
genome replication. As well as interfering with viral replication, interferon also induces
cellular changes that make the infected cell more likely to be attacked by killer lymphocytes
(Natural killer cells)(Parham, 2005).

The type I interferon (IFN) system plays a major role in the innate antiviral immune
system of vertebrates. In most mammalian cells the IFN system is activated by recognition of
viral dsRNA ( replicative intermediate) through intracellular receptors, which include the two
RNA helicases RIG-I and MDAS and the endosomal located Toll-like receptor 3 (TLR3)
(Kato et al., 2006, Alexopoulou et al., 2001). Binding of dsRNA to RIG-1, MDAS5 or TLR3
leads to activation of the transcription factors NF-kB and IRF-3(interferon-response factor 3),
resulting in transcription of the IFN-f gene.

The secreted type I IFNs act like alarm proteins, which will bind to specific cell surface
receptors associated with the Jak/STAT signalling pathway. Activation of this pathway results
in induction of expression of interferon stimulated genes (ISGs), some of which encode
antiviral proteins including Mx and double-stranded RNA activated protein kinase (PKR)

(Fig 3.4).
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Fig 3.4: An illustration of the 2-step signal pathway of type I IFNs represented by IFN-B, which is the first IFN
to be produced during virus infection. (Figure from (Robertsen, 2006)

The cloning of IFN and several typical ISGs from Atlantic salmon and other fish
species has established that teleost fish possess a type I IFN system similar to mammals
(Robertsen, 2006). Both Mx and ISG15 have been cloned from salmon. Antiviral activity of
Mx protein is well documented in mammals (Haller et al., 2007), and has recently also been
demonstrated against IPNV in Atlantic salmon. Human and mouse Mx confer resistance
against the orthomyxoviruses influenza A and B (Haller et al., 2007), and human Mx in
addition possesses antiviral activity against a variety of other viruses. The antiviral
mechanism of Mx protein is still uncertain, but it has been hypothesized to interfere with viral
replication by preventing intracellular trafficking of viral nucleocapsides (Haller et al., 1998).

ISG15 is one of the earliest and most predominant proteins to be induced in mammals
following IFN-0/p stimulation. This implies that ISG15 has an important function in the IFN
system. The function of ISG15 is not yet understood, but it has been shown that it has a
similar function as ubiquitin. ISG15 conjugates to cellular proteins in both human, goldfish
and in Atlantic salmon (Rokenes et al., 2007). Some evidence for antiviral activity of ISG15
has also been presented. Influenza B NSI protein has been shown to bind specifically to
human ISG15 and block the conjugation to cellular proteins, a phenomenon that supports an
antiviral role of ISG15. Binding of Atlantic salmon ISG15 to an ISAV protein has been
reported, but the functional relevance to this is not known (Rokenes et al., 2007).

Both poly I:C, an synthetic dSRNA, and ISAV induce a strong IFN response, but with
no inhibition of virus replication This can indicate that ISAV has a mechanism that can

counteract this immune-response (Kileng et al., 2007).
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3.5 Apoptotic and immunological genes analysed

In this work we have studied a number of genes that are involved in the innate
immune-response of the host cell after an ISAV-infection. Some of these genes were
identified after microarray analysis of ISAV infection, and others by literature survey of
articles describing different genes that can be involved in stress responses in fish. Based on
this, we have compared the effects of poly:IC stimulation and ISAV infection on gene

expression in a cell line from Atlantic salmon.

Interferon-a

The type I interferon (IFN)-1 plays a major role in the innate antiviral immune system
of vertebrates and mammals. Interferon is a cytokine expressed in cells after virus-infection.
The main effect of interferon is to interfere with viral replication in the infected cell, and to
signal neighboring uninfected cells that they too should prepare for a viral infection (more

details is discussed in earlier chapter).

MX

Mx proteins are key components of the antiviral state induced by interferons in many
species. They belong to the class of dynamin-like large guanosine triphosphatases (GTPases)
known to be involved in intracellular vesicle trafficking and organelle homeostasis. A unique
property of some Mx GTPases is their antiviral activity against a wide range of RNA viruses,
including influenza viruses, member of the orthomyxoviruses, and members of the bunyavirus
family. These viruses are inhibited at an early stage in their life cycle, soon after host cell
entry and before genome amplification. The mouse Mx1 GTPase accumulates in the cell
nucleus where it associates with components of the PML nuclear bodies and inhibits influenza
and Thogoto viruses known to replicate in the nucleus. The human MxA GTPase accumulates
in the cytoplasm and is partly associated with the endoplasmic reticulum.

In the case of Thogoto virus (orthomyxovirus), MxA recognizes the viral
nucleoprotein and prevents the incoming viral nucleocapsids from being transported into the
nucleus, the site of viral transcription and replication. In general, Mx GTPases appear to
detect viral infection by sensing nucleocapsid-like structures. As a consequence, these viral
components are trapped and sorted to locations where they become unav