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ABSTRACT

Infectious salmon anemia (ISA) virus (ISAV), an economically important pathogen in marine 
aquaculture has been classified in the family Orthomyxoviridae, genus Isavirus. ISAV is 
known to cause overt and fatal systemic infection in farmed Atlantic salmon and 
asymptomatic infection in both farmed and feral fish. It is well documented that Atlantic 
salmon that recover from clinical ISA as well as subclinically infected trout and herring can 
transmit ISAV to healthy Atlantic salmon through cohabitation. The mechanisms of 
pathogenesis and persistence oflSAV are not adequately studied at the molecular level. This 
study investigated the host-pathogen interactions of ISAV. Major aspects of this study 
included the determination of mechanisms of cell death during ISAV infection of fish cells 
and the exploration of the novel phenomenon of antibody-mediated growth of ISAV in 
macrophage-like fish cell lines.

Two general pathways known to cause viral cytopathic effect (CPE) are apoptosis and 
necrosis. In this study, three permissive fish cell lines SHK-1, CHSE-214, and TO were used 
to determine iflSAV-induced CPE is due to apoptosis or necrosis. Characteristic apoptotic 
DNA fragmentation was observed only in ISAV-infected SHK-1 and CHSE-214 cells. The 
apoptosis was confirmed by use of the fragment end labeling assay. ISAV-infected TO cells 
did not undergo apoptosis but showed leakage of the high mobility group 1 (HMGBl) 
protein from the nucleus which is characteristic of cells undergoing necrosis. Infected SHK-1 
cells did not show leakage of HMGBl protein. Infection with two different strains of ISAV 
showed that the induction of apoptosis correlated with the appearance of CPE in SHK-1 
cells. These cells did not show caspase-3-like proteolytic activity. The ISAV-induced 
apoptosis was however inliibited by a pan-caspase inhibitor, Z-VAD-fink, indicating it is 
caspase dependent. The ISAV putative PB2 protein and translation products of RNA segment 
7 specifically bound caspase-8 in viti'o suggesting that these viral proteins may have a role 
in the ISAV-induced apoptosis.

To study ISAV-antibody interactions, virus neutralization (VN) was performed in the three 
cell lines using three strains of ISAV and rabbit or fish anti-ISAV sera. Homologous VN 
titres o f > 1 .T280 in CHSE-214 cells corresponded to only <1:80 in macrophage-like fish cell 
lines SHK-1 and TO despite using 1,000 and 2,000 times less virus, respectively. Rabbit 
antiserum to infectious pancreatic necrosis virus (IPNV) neutralized IPNV to the same 
degree in both CHSE-214 and TO cells. The poor neutralization o f ISAV in TO cells was 
attributed to a possible Fc receptor mediated virus infectivity because: (1) neutralization by 
rabbit antiserum to ISAV was increased 48-fold in the presence of staphylococcal Protein A, 
and (2) using FITC-labeled vims and spectrofluorometry, a significant increase (p-value = 
0.018) in fluorescence intensity of intracellular virus could be observed in assays o f vims- 
antiserum mixtures in absence of Protein A compared to assays in presence of Protein A. 
Neutralization of ISAV with fish antisera was observed only in CHSE-214 cells as Protein 
A could not restore the neutralization on TO cells. In this study a panel of ISAV specific 
monoclonal antibodies (mAbs) was also characterized and used to see if  it either neutralized
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or enhanced virus replication in macrophage-like fish cell lines. High concentrations of 
mAbs 2D3 and 4A11, representing IgM and IgG isotypes respectively, neutralized ISAV
strain NBISAOlin TO cells. Lower concentrations of these mAbs did not enhance the viral 
infection in TO cells.

In conclusion this study demonstrated for the first time that (a) the mechanism of cell death 
during ISAV infection may be dependent on the cell type, (b) apoptosis in ISAV-infected 
cells is cell type specific, (c) TO cells undergo necrosis during ISAV infection, (c) apoptosis 
in ISAV-infected cells is caspase-dependent, and that (d) ISAV entry and replication in 
macrophage-like fish cell lines can be facilitated by virus-specific antibodies. These findings 
may have implications for the in-vivo pathogenesis and persistence oflSAV since two of the 
cell lines (SHK-1 and TO) used in this study were derived from the target cells of the virus 
in Atlantic salmon.
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Chapter 1

General introduction and literature review*

* Portions o f this chapter have been published in:

Kibenge, F.S.B., Munir, K., Kibenge, M.J.T., Joseph, T., Moneke. E. 2004. Infectious 

salmon anaemia virus: the causative agent, pathogenesis, and immunity. Animal Health 

Research Reviews. In press.
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1.1. General introduction

Infectious salmon anaemia virus (ISAV) is the causative agent of infectious salmon anaemia 

(ISA) which is an economically important disease of farmed salmonid fish in the Northern 

hemisphere. This virus has been classified in the family Orthomyxoviridae (Krossoy et ah, 

1999), genus Isavirus (http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm). The virus is 

considered to be such a threat to the fish farming industry that the European Union listed ISA 

as the most dangerous of fish diseases. ISAV is known to cause overt and fatal systemic 

infection in farmed Atlantic salmon (Nylund et ah, 1994, 1996; Dannevig et al., 1995a,b; 

Byrne et ah, 1998; Rodger et ah, 1998) and asymptomatic infection in feral fish (Raynard et 

ah, 2001a), a situation analogous to avian influenza viruses in domestic poultry and feral 

birds (Kibenge et ah, 2004). The immune response following ISAV infection does not 

provide full protection against the disease; high mortality has usually been observed in both 

naturally and experimentally infected fish (Thorud 1991 ; Dannevig et ah, 1993; Falk et ah, 

1995). Atlantic salmon that recovered from a clinical infection can continue to shed virus for 

long periods o f time. Detection of ISAV in carrier fish required the use ofRT-PCR (Devoid 

et ah, 2000) suggesting that the viral RNA is not abundant. There is lack of adequate 

information on the host-pathogen interactions of this virus. Such information is essential to 

understand the mechanisms of pathogenesis and persistence o f ISAV.

In Atlantic salmon, ISAV targets leucocytic cells (Falk et ah, 1995) and endothelial cells 

(Falk & Dannevig 1995) or endothelial-associated cells (Falk et ah, 2001), and macrophages 

(Moneke et al., 2003). In-vitro ISAV readily replicates in salmon head kidney (SHK-1), TO,
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and Atlantic salmon kidney (ASK-2) cells which are macrophage-like cell lines derived 6om

the Atlantic salmon pronephros (Dannevig et al., 1995; Wergeland & Jakobsen 2001; 

Rolland et al., 2002). Some strains of ISAV can also replicate and cause CPE in the Chinook 

salmon embryo (CHSE -214) cell line (Bouchard et al., 1999; Kibenge et al., 2000; Griffiths 

et al., 2001). These cell lines differ in their growth characteristics (media requirements, split 

ratio, cell composition), and they display distinctly different viral-induced CPE (Kibenge et 

al., 2001; Rolland et al., 2002).

Generally, morphological changes referred to as CPE result from virus-cell interactions. 

Cytopathic effects include cell rounding, cell lysis, cell fusion to form syncytia, or more 

subtle changes in cell shape. Many pathophysiological changes occur in cells infected with 

cytopathic viruses and death o f the cell may be the final result of the cumulative action of 

many insults. In general, the mechanism of cell death during virus infection involves both 

necrosis and programmed cell death or apoptosis (Hardwick and Griffin 1997). Conversely 

induction of apoptosis may also represent a mechanism by which virus infection is limited. 

Viruses have evolved various strategies to inhibit and/or promote apoptosis at different 

stages in their replicative cycles in host cells. The mechanism of cell death during ISAV 

infection and the role o f apoptosis in ISAV pathogenesis have not been studied previously.

The ability of a virus to infect and replicate within the cells of mononuclear phagocyte 

system can be a major factor in the pathogenesis o f a virus infection because mononuclear 

phagocytes can facilitate access o f viruses to susceptible tissues and organs, thereby
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hastening the infection process. The paradoxical ability of antiviral antibody to enhance virus

infection o f  Fc receptor-bearing cells of mononuclear phagocyte system has been 

demonstrated across a wide range of virus families (Halstead and O'Rourke 1977; Sullivan 

2001; Tirado and Yoon 2003). In the case of ISAV, no information is available on how the 

antibody-virus complexes interact with the host macrophages.

In this thesis research two important aspects of host-pathogen interactions, (i) the mechanism 

of cell death during ISAV infection as well as, (ii) antibody-mediated growth of ISAV in 

macrophage-like fish cell lines, were investigated. This work is presented as follows: Chapter 

1 reviews the literature on virus-host cell interactions, virus neutralization, antibody 

dependent enhancement of viral infection, and the pathogenesis and immunology of ISAV. 

General materials and methods are described in Chapter 2. Studies on mechanisms of cell 

death during ISAV infection are presented in Chapter 3. In Chapter 4, studies on antibody- 

mediated growth of ISAV in macrophage-like fish cell lines are described. The 

characterisation oflSAV-specific mAbs including their analysis for enhancement o f ISAV 

infection in macrophage-like fish cell lines are presented in Chapter 5. Chapter 6 is then a 

general discussion o f the results, conclusions, and directions for future studies.

1.2. Literature review

1.2.1. Virus-host cell interactions

Viruses are ubiquitous and often dangerous obligate intracellular parasites that exploit the 

cellular metabolism for self propagation. During replication viruses interfere with normal
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cellular functions in ways harmful to the host cell. Many viruses inhibit host gene expression

and have evolved various strategies to shut down the synthesis of cellular macromolecules 

and direct the cellular machinery to produce viral components (Lyles 2000). Studies on latent 

and persistent viruses in particular have shown that viruses have developed extremely 

sophisticated strategies to manipulate the host's cellular regulation for successful replication 

or persistence (Krajsci and Wold 1998). The mechanisms of cell death during virus infection 

involve both necrosis and apoptosis. Apoptosis can result from virus-induced inhibition of 

host gene expression or antiviral host response (Hardwick and Griffin 1997). It is important 

to study virus-cell interactions because the mechanisms of cell death and factors that 

influence the balance of viral cytopathogenesis and the host antiviral response apparent in 

cell cultures are likely to be major determinants of the ability of viruses to cause disease in 

animal hosts (Lyles 2000).

1.2.1.1. Viral effect on host protein synthesis

1.2.1.1.1. Inhibition of host transcription

Inhibition of host protein synthesis is a major feature of virus-infected cells and it can result 

from either a direct effect of the viral gene products or activation o f host responses to viral 

infection. DNA transcription is the process by which all types o f RNA (mRNA, tRNA, and 

rRNA) are copied from a DNA template by RNA polymerase enzymes. Various transcription 

factors - DNA-binding proteins - interact with promoters and are necessary for initiation of 

RNA synthesis. Host transcriptional machinery is one of the main targets o f most RNA 

viruses, since these viruses, with the exception o f orthomyxoviruses replicate in the
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cytoplasm of the host cell without any requirement for host transcriptional activity. For many

RNA viruses such as picomaviruses and rhabdoviruses, the inhibition ofhost RNA synthesis 

is a prominent feature of virus infection (Lyles 2000). Proteins encoded by poliovirus 

(picomavirus) and vesicular stomatitis virus (rhabdovirus) inhibit transcription by all three 

host RNA polymerases (Femades-Tomas 1982; Lyles et al., 1988). The 3C protease of 

poliovirus and M protein of vesicular stomatitis virus are the viral gene products responsible 

for inhibiting host transcription (Ferran et al., 1997; Yalamanchili et al., 1997). Transcription 

factor TFIID isolated from poliovirus or vesicular stomatitis virus-infected cells was not able 

to initiate transcription in the presence of other transcription factors and RNA polymerase 

II from uninfected cells (Yalamanchili et al., 1997; Yuan et al., 1998). Therefore, the 

mechanism of transcription-inhibition may involve cleavage and inactivation o f transcription 

factors that play a central role in host cell transcription.

1.2.1.1,2. Inhibition of processing and transport of host RNA

The pre-messenger RNA (pre-mRNA) produced by transcription is processed mainly by 5'- 

capping (addition o f a 7-methylguanosine nucleotide to the 5' end), polyadenylation (addition 

of poly(A) tail to generate the mature 3' end), and splicing (removal o f noncoding - intron - 

sequences) before leaving the nucleus for translation in the cytoplasm. Virus encoded 

proteins can interfere with various levels of posttranscriptional processing and transport of 

host RNA to prevent an antiviral host response since many processes required for the 

expression ofhost genes are not required for the expression o f viral genes. In the case of 

Influenza A virus infection, a single viral protein, N Sl protein, inhibits at least two steps in
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the processing o f the 3' ends o f host mRNA and also inhibits the splicing ofhost mRNA

(Fortes et al., 1994; Qiu et al., 1995; Nemeroff et al., 1998; Chen et al., 1999). Different 

protein domains o f N Sl protein are responsible for different activities (Qian et al., 1994, 

1995). N Sl protein binds poly(A) of mRNA both directly and indirectly and inhibits the 

polyadenylation of pre-mRNA and retains cellular RNA polymerase II transcripts in the 

nucleus (Chen et al., 1999). Biochemical analyses have shown that in the presence of N Sl 

protein pre-mRNA assemble into spliceosomes that are unable to catalyze the two steps of 

the splicing reaction, thus inhibiting the splicing ofhost mRNAs (Lu et al., 1994). Based on 

in-vitro studies it has been suggested that the N Sl protein may inhibit pre-mRNA splicing 

by binding to U6 RNA within the spliceosome (Qian et al., 1995). Inhibition of 

polyadenylation and splicing would result in an increase in the intranuclear concentration of 

the capped cellular mRNAs that could be used by the viral polymerase for priming 

transcription. Post-transcriptional control of gene expression can also occur at the level of 

nucleocytoplasmic transport of a mature, spliced mRNA. N Sl protein o f Influenza A viras 

and M protein of vesicular stomatitis virus are known to inhibit nuclear-cytoplasmic 

transport of the host mRNA and thus interfere with protein synthesis in the host cell ( Alonso- 

Caplen et al., 1992; Her et al., 1997).

1.21.1.3. Inhibition of translation of cellular proteins

The complex process o f translating mRNA into proteins involves three major steps, (i) 

initiation (the assembly of a ribosome on an mRNA), (ii) elongation (repeated cycles of 

amino acid delivery, peptide bond formation and movement of ribosomes along the mRNA),

7
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and (iii) termination (the release o f the polypeptide chain). Many viruses employ multiple

mechanisms to control translation of cellular mRNAs. Mechanisms of translation-inhibition 

include inactivation of translation factors, degradation of host cell mRNAs, production of 

factors that specifically inhibit cellular mRNA translation or facilitate viral mRNA 

translation, viral mRNA that outcompete cellular mRNAs for the translational machinery, 

and changes in the intracellular ionic environment that favour translation o f viral mRNA 

(Hardwick and Griffin 1997). In many cases, the inhibition o f protein synthesis may also be 

due to the antiviral response of the host. Cleavage of translation initiation factor eIF4G by 

viral 2A protease in picomavirus-infected cells is a classic example of host translation- 

inhibition by inactivation of translation factors. Cleavage o f eIF4G inhibits translation of 

capped but not uncapped mRNAs. Since picornaviruses lack a cap structure, this inhibition 

does not affect the translation of viral mRNAs (Porter 1993). Picornaviruses also alter the 

intracellular ionic environment by increasing the concentration ofNa+ and decreasing that 

of K+. Increased Na4- concentration decreases the cellular mRNA translation and improves 

the translation of viral mRNAs (Carrasco et ah, 1977). Inhibition of cellular protein synthesis 

by degradation of cellular mRNAs has been observed during coronavhms infection (Kyuwa 

etal., 1994).

Inhibition of cellular protein synthesis due to the antiviral host response occurs during 

vesicular stomatitis virus infection. This is mainly due to the response to dsRNA which is 

a byproduct of replication of nearly all viruses. A major feature o f the response of host cells 

to viral dsRNA is the inhibition of protein synthesis by RNA dependent protein kinase (PKR)

8
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(Hardwick and GrifBn 1997; Lyles 2000). While PKR is known primarily as an interferon-

inducible kinase, most cells constitutively express substantial amounts, and it serves as an 

important activator o f the host response to dsRNA even in the absence o f interferon. In the 

presence o f dsRNA, PKR phospliorylates the alpha subunit of the GTP-binding translation 

initiation factor eIF2. Phosphorylation of the alpha subunit locks eIF2 in the GDP-bound 

form, preventing its reutilization for translation initiation (Hardwick and Griffin 1997). 

Vesicular stomatitis virus is an example of a virus which was shown to induce inhibition of 

eIF2 by preventing its reutilization, a hall mark of PKR activity (Centrella et ah, 1982; 

Dratewka-Kos et ah, 1984). The cap binding translation initiation factor eIF4E is the target 

of inactivation in Influenza A virus infected cells. In Influenza A virus-infected cells, eIF4E 

is inactivated by dephosphorylation which reduces its ability to bind to capped cellular 

mRNAs to initiate translation (Feigenblum and Schneider 1993). Influenza virus is able to 

overcome the inhibition ofhost cell mRNA transport and translation by establishing its own 

translational and transport regulatory mechanisms. Studies have shown that a cellular protein 

G-rich sequence factor-1 (GRSF-1) which specifically binds to the 5' untranslated region 

(UTR) of viral mRNAs but not to the cellular mRNAs, which may ensure the selective 

translation of viral mRNAs in infected cells (Park et ah, 1999). It is not yet known however, 

how GRSF-1 affects the overall translation efficiency of influenza virus mRNAs.

In order to maintain the cell as competent for the preferential translation of viral mRNAs, 

Influenza A virus has developed two means of escape from the inhibitory effects o f PKR. 

First, the N Sl protein inhibits the interferon response mediated by PKR by binding to
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dsRNA as well as the PKR enzyme, leading to blockage o f PKR activation (Lu et al., 1995). 

Second, Influenza A virus infection activates a latent chaperon-associated protein, p58IPK, 

which can interfere with PKR dimerization and activation (Tan et al., 1998). Some of the 

viral proteins can interfere with the cellular protein synthesis by inhibiting the transport of 

the cellular proteins from endoplasmic reticulum leading to the degradation of those proteins. 

Adenovirus E3/19K protein binds and retains the heavy chain of the major histocompatibility 

complex (MHC) class I molecules in the endoplasmic reticulum (Paabo et ah, 1989).

Virus-cell interaction can also lead to the alteration of plasma membrane permeability, 

induction o f synthesis of new intracellular membranes by stimulating the synthesis of 

phospholipids, and induction of rearrangement of previously existing membrane. Enveloped 

viruses insert viral proteins into the plasma membrane which may lead to cellular membrane 

fusion and syncytia fonnation (Hardvrick and Griffin 1997).

I.2.I.2. Virus induced cell death: apoptosis versus necrosis

Classically, virologists have assumed that viruses kill cells by taking over their 

transcriptional and translational machinery and disrupting their membrane integrity. That is, 

the infected cell is disrupted to such a degree that it cannot maintain viability and the cell 

dies by necrosis. Some viruses are capable of such lethal parasitism whereas other viruses 

kill cells by triggering apoptosis (Hardwick and Griffin 1997). Necrosis affects massive and 

contiguous cells with the affected cells showing irregular clumping of chromatin, pyknosis 

or karyolysis, random cleavage o f the DNA, collapse of nuclear membrane, very early
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swelling o f cell and intracellular organelles, and loss o f integrity and membrane collapse

ultimately leading to cell lysis. Rupture of the cell causes release of its contents into the 

surrounding environment which will lead to extensive inflammatory reaction (Cotran et ah, 

1999). Recent studies have shown that release of a high mobility group 1 (HMGB 1 ) protein, 

a chromatin binding factor, from necrotic cells but not from cells undergoing apoptosis, 

triggers the inflammatory reactions caused by necrosis (Scaffidi et ah, 2002). In contrast, 

apoptosis is an energy-dependent cell death that displays distinct hall marks, including 

cytoplasmic shrinkage, chromatin condensation, intranucleosomal cleavage, 

phosphatidylserine exposure, plasma membrane blebbing, activation of caspases, and cell 

fragmentation into apoptotic bodies which are phagocytosed without provoking an 

inflammatory response (Cotran et ah, 1999; Schultz and Harrington 2003).

Apoptosis was initially recognized in 1972 by its distinct morphology and named after the 

Greek designation for “falling o ff ’. It is a form of cell death designed to eliminate unwanted 

host cells through activation of a genetically programmed and internally controlled self­

destructive pathway. It occurs during development, as a homeostatic mechanism to maintain 

cell populations in tissues, or as a defence mechanism such as in immune reactions, when 

cells are damaged by disease or noxious agents, and in aging (Cotran et ah, 1999). One of 

the important functions of apoptosis is to eliminate cells infected with viruses in order to 

prevent the replication and spread of the virus and progression o f disease (Hay and 

Kannourakis 2002). Virus survival is dependent upon effective exploitation of the existing 

cellular machinery. Therefore, viruses have developed various strategies to affect the
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apoptotic process within a host cell. Viruses may instigate either promotion or inhibition of

apoptosis, but often they are harmed by the natural apoptotic action elicited by the host cell. 

Virus-induced apoptosis may also be harmful to the host in cases when the virus infects a cell 

population that cannot be replenished, for example, Sindbis virus induced apoptosis of 

neurons (Lewis et al., 1996; Hardwick and Griffin 1997). Also, a virus can establish a 

persistent infection by inhibiting apoptosis, contributing to the pathogenesis o f the disease 

(Hay and Kannourakis 2002). Although the benefits to a virus in avoiding the apoptotic 

process are obvious, the onset of apoptosis is in some cases also advantageous. The apoptotic 

bodies formed during apoptosis are consumed by the phagocytic action o f the neighbouring 

cells. This engulfinent provides a means for the dissemination o f the virus without initiating 

a concomitant host response, which would allow the release of the progeny virus into the 

extracellular fluid. This was shown in a recent study involving an adenovirus vector that 

proliferated in human cancer cells (Mi et al., 2001).

I.2.I.2.I. Apoptotic signalling pathways

Two major signalling pathways of apoptosis are the extrinsic pathway and the intrinsic 

pathway (Schultz and Harrington 2003). The extrinsic pathway is activated when a specific 

protein ligand binds to a cell surface transmembrane receptor. Apoptotic signals are 

transmitted to target cells via the TNF superfamily of death receptors (DRs), the members 

characterized by a conserved extracellular cysteine-rich motif. Six different DRs are known: 

Fas, TN FRl, DR3, TNF-related apoptosis-inducing ligand (TRAIL) (TRAIL-Rl or DR4, and 

TRAIL-R2 or DR5), and DR6 (Schultz and Harrington 2003). One of the best-characterized
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surface receptors is Fas, a 319-amino acid type 1 transmembrane glycoprotein, with broad

distribution on both lymphoid and non-lymphoid cells (Itoh etal., 1991). An apoptotic signal 

is initiated in target cells when Fas is engaged by its natural ligand FasL or by anti-Fas 

antibodies. The interaction may occur on the effector cell, or in some cases, on the target cell. 

FasL, a trimeric type 2 transmembrane protein, and its binding to Fas causes receptor 

oligomerization (Wallach et al., 1999). The death domain (DD) of the receptor then recruits 

adaptor proteins such as Fas-associated DD (FADD) protein (Muzio et al., 1996). Adapter 

proteins have a DD at its C-tenninus and a second protein-protein interaction domain, called 

a death-effector domain, at its N-tenninus (Wallach et al., 1999). The death effector domain 

of the adaptor protein binds to the death-effector domain, or prodomain, of caspase-8, and 

a complex termed the death-inducing signalling complex (DISC) is formed which 

subsequently signals proteolysis and endonucleolytic cleavage in target cells. Therefore, 

FADD recruits procaspase-8 to the Fas signaling complex to form DISC (Muzio etal., 1996; 

Wallach et ah, 1999). Binding of TNF-oi with TNFRl also leads to the formation of DISC 

via its association with TNFRl-associated DD, and FADD. The overall result after 

recruitment to the DISC is the autocatalytic processing that leads to activation of caspase-8 

(Wallach et a l ,  1999).

Caspases are aspartyl-specific cysteine proteases and they are essential for execution of 

apoptosis. They are synthesized as proenzymes that are activated by proteolytic cleavage. 

There are 14 known mammalian caspase-family members, and they form an intracellular 

proteolytic cascade that modulates many cellular events in the apoptotic pathway, including
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activation o f transcription factors and cleavage o f the structural proteins that lead to

characteristic morphological changes, e.g., membrane blebbing, and apoptotic body 

formation during apoptosis (Degterev et al., 2003). In general, activation of upstream 

caspases or initiator caspases such as caspase-8 and 9, lead to the activation o f downstream 

effector caspases such as caspase-3, 6, or 7. Caspase-3 activates its target, the caspase- 

activated deoxyribonuclease (CAD), an endogenous endonuclease. CAD exists as an inactive 

complex until its inliibition is cleaved by activated caspases, thus releasing CAD (Sakahira 

et al., 1998). The latter enters the nucleus and degrades the chromosomal DNA. The cellular 

DNA is cleaved between nucleosomes, giving DNA fragments of multiples of 180-200 bp. 

The apoptotic DNA fragments can be visualized by agarose gel electrophoresis as “DNA 

ladder” which is a hall mark o f apoptosis (Sakahira et al., 1998; Schultz and Harrington 

2003).

There is also evidence suggesting that not all apoptotic cell death requires caspase activation. 

Adenovirus E4orf4 protein has been shown to induce caspase-independent apoptosis in 

Chinese hamster ovary (CHO) cells (Lavoie et al., 1998). TNFa, an inducer of classic 

caspase-dependent apoptosis, can also induce non-classical caspase-independent apoptosis 

(Maianski et al., 2003). Most recently, a study on caspase independent apoptosis showed that 

serine proteases mediate apoptosis-like cell death and phagocytosis under caspase-inhibiting 

conditions (Egger et al., 2003). Currently, however, little is known about caspase- 

independent cell death, and its physiological relevance awaits further clarification.
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The intrinsic pathway of apoptosis involves cellular organelles such as mitochondria. The

involvement o f the mitochondria in apoptosis first came to light when it was discovered that 

one of the critical factors required for the activation of caspase 3 was cytochrome c. 

Disruption of the membrane potential of mitochondria led to the release of cytochrome c into 

the cytosol where cytochrome c interacts with Apaf-1 and pro-caspase 9 to form a complex 

termed the apoptosome. Pro-caspase 9 is then autocatalytically processed to mature caspase 

and initiates a caspase cascade downstream in order to execute apoptosis (Li et al., 1997). 

Other mitochondrial proteins such as apoptosis-inducing factor (AIF) can also be released 

by mitochondria to promote apoptosis in a caspase-dependent or independent manner (Green 

and Reed 1998). Several proteins that reside in the inner and outer membranes o f the 

mitochondria may form ion channels to regulate the efflux of cytochrome c (Luo et al.,

1998). One such regulatory protein is Bcl-2. Bcl-2 is part of a family that can be 

differentiated into anti-apoptotic (e.g., Bcl-2, Bcl-x l )  and pro-apoptotic (e.g., Bax, Bad, 

Bak) proteins (Adams and Cory 1998). Bcl-2 itself is an integral membrane protein located 

mainly on the outer membrane o f the mitochondria and it modulates the cytochrome c/Apaf- 

l/caspase-9 pathway of apoptosis by regulating the liberation of cytochrome c (Yang et al., 

1997). The balance between these pro-apoptotic and anti-apoptotic factors controls the fate 

o f the cell (Adams and Cory 1998).

12.1.2.2. Mechanism of induction of apoptosis by viruses

There are several mechanisms by which viruses activate the apoptotic pathway. Influenza 

virus infection induces the expression ofFas, and Fas-mediated apoptosis has been suggested
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to be an important mechanism of cell death during influenza virus infection. The role of Fas

in Influenza A virus-induced apoptosis is also supported by the activation of caspase-8 but 

not caspase-9 in virus-infected cells (Balachandran et al., 2000). It has been shown that the 

induction o f Fas expression by influenza virus or viral dsRNA is mediated partly by PKR, 

indicating the involvement of antiviral response of the host cell in the induction of apoptosis 

during Influenza A virus infection (Balachandran et al., 2000). Caspase-mediated cleavage 

of NP protein of human strains of Influenza virus A also supports the antiviral role of 

apoptosis during influenza virus infection (Zhirnov et al., 1999). In this case, caspase 

activation may limit virus production as the truncated form of NP cannot be used for proper 

virus assembly (Zhirnov et al., 1999).

The role o f various viral proteins during influenza virus-induced apoptosis has also been 

studied. It has been shown that N Sl protein itself is capable o f inducing apoptosis when 

expressed in cell cultures (Schultz-Cherry et al., 2001). Other studies however suggest that 

N Sl possesses anti-apoptotic potential as well (Zhirnov etal., 2002b). Experiments in Madin 

Darby canine kidney (MDCK) cells demonstrated that NA could activate latent transforming 

growth factor p (TGF-P) to its biologically active form, abroad inducer o f apoptosis (Morris 

et al., 1999). Inhibitors of NA delayed the onset of apoptosis when added shortly after 

infection. Also, viruses with highly active NA induced apoptosis in host cells more rapidly 

than did those with less active NA (Morris et al., 1999). Interaction of M l protein of 

Influenza A virus with cellular caspase-8 suggest that M l protein may have a role in virus- 

induced apoptosis (Zhirnov et al., 2002a). A new influenza virus gene product, PB-F2,
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produced by a +1 reading 6ame in the viral RNA segment which encodes polymerase

subunit PBl has also been shown to play important roles in influenza virus-induced 

apoptosis (Chen et al., 2001). Thus, influenza viruses may have multiple mechanisms that 

contribute to the induction of apoptosis in host cells.

Earlier studies also suggested that apoptosis facilitated replication o f Influenza virus in cell 

cultures. Overexpression of anti-apoptotic protein Bcl-2 inhibited Influenza A virus-induced 

apoptosis as well as reduced virus production in MDCK cells, and the blocking effect was 

attributed to modified glycosylation of HA protein (Olsen et al., 1996). This argument is 

supported by a recent study which demonstrated that caspase-3 activation is essential for 

Influenza A virus propagation in cell cultures (Wurzer et al., 2003). Inhibition of caspase-3 

activity by caspase-3 inhibitor or small interfering RNAs blocked efficient replication of 

Influenza A virus in cell cultures. Inhibition of virus replication correlated with the retention 

of viral RNP complexes in the nucleus, which prevented production of progeny virus 

particles (Wurzer et al., 2003).

Some viruses may induce apoptosis through the dhect action o f  specific viral proteins. A 

good example is adenovirus early protein lA  (El A). E l A induces cell death by a tumour 

suppressor protein p53-dependent mechanism. The tumour suppressor protein p53 is a 

transcriptional regulator that can also induce apoptosis in response to virus infection as well 

as in response to many other stimuli such as DNA damage or unscheduled DNA synthesis. 

E l A protein is also found to sensitize cells to apoptosis by TNF and FasL by unknown
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mechanisms (Lowe et al., 1993; Roulston et al., 1999). Other viruses induce apoptosis

indirectly through their effects on cellular functions. Poliovirus infection activates the 

apoptotic pathway, involving mitochondrial damage, cytochrome c efflux, and consecutive 

activation o f  caspase-9 and caspase-3 (Belov et al., 2003). In some disease states, apoptosis 

occurs only in those cells infected with the virus, for example, Sindbis virus infection of 

neurons (Lewis et al., 1996). It is also conceivable that a virus-infected cell could cause 

apoptosis in an adjacent uninfected cell by a number of mechanisms, including secretion of 

factors that activate the death program. A good example is the apoptosis of CD4+ T cells in 

HIV infection (Ameisen and Capron 1991).

Recent studies have demonstrated the existence of a novel pathway in which caspase-12 

functions as the initiator caspase in response to toxic insult to endoplasmic reticulum (ER). 

Endoplasmic reticulum provides a unique compartment for the post-translational 

modification, folding, and oligomerization o f newly synthesized proteins. The ER is also 

considered to be the major signal-transducing organelle. Several endogenous imbalances in 

the cell often contribute to the malftmction of the ER (also called ER stress), including 

massive protein production, loss of Ca++ homeostasis, inhibition of N-linked glycosylation, 

and accumulation of mutant proteins (Pahl 1999). Caspase-12 is specifically activated in cells 

subjected to ER stress. Caspase-12 is associated with the cytoplasmic face of the ER and 

cleaved into an active form by caspase-7 in response to prolonged ER stress. The mechanism 

of caspase-12 mediated apoptosis has however not been elucidated. It has been suggested that 

caspase-12 may activate caspase-3 directly or through the activation of caspase-9 or caspase-
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12 might induce apoptosis directly (Rao et al., 2001). Viruses that utilize the host cell ER as

an integral part of their life cycle would be predicted to cause some level of ER stress (eg. 

viruses o f  Flaviviridae family). It has been shown that Japanese encephalitis virus and 

cytopathic strains of bovine viral diarrhoea virus induce ER stress leading to caspase-12 

activity and ER-stress induced apoptosis (Jordan et al., 2002; Su et al., 2002).

1.2.1.23. Viral inhibition of apoptosis

Apoptosis can also be a protective host response to eliminate virus- infected cells. Therefore, 

viruses use various strategies to inhibit apoptosis or to complete their replication cycles 

before the cell expires. A virus may multiply rapidly to produce many progeny virions before 

an effective host response can be mounted. This approach is exliibited by most RNA viruses, 

including Influenza virus (Kurokawa et ah, 1999). Another strategy is to remain cryptic such 

tliat a virus may infect a cell and remain undetected, thus avoiding host cell destruction and 

allowing a productive infection (Paroli et ah, 2000). Viruses influence the extrinsic pathway 

of apoptosis from the point of initiation. Adenovirus proteins E3-10.4K and E3-14.5K reduce 

the presentation o f Fas molecules on the cell surface leading to a resistance to Fas-mediated 

cell death. These adenoviral proteins also provide protection against TNF-mediated cell 

death by an unknown mechanism (Dimitrov et ah, 1997; Shisler et ah, 1997). Epstein-Barr 

virus produces an anti-apoptotic protein namely latent membrane protein-1 (LMP-1). This 

protein accumulates in the host cell plasma membrane and interferes with TNF-mediated 

apoptosis (Eliopoulos et ah, 1999). The myxoma virus protein M-T2 is a mimic protein of 

the TNF receptor and is a potent inhibitor o f extracellular TNF-mediated apoptosis. It binds
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TNF, thus preventing TNF receptor signal transduction (Xu et al., 2000). A &w virus caspase

inhibitors have been identified as well, including cowpox virus CrmA, baculoviras lAP 

(inhibitors o f apoptosis protein) and p3 5, and African swine fever virus product A224L/4CL. 

CrmA is a potent caspase-l/casapse-8 inhibitor. Baculovirus protein p35 is a wide-ranging 

caspase inhibitor, inhibiting mammalian caspase-1- 4 and 7. Baculovirus-induced lAP 

inlaibits caspase-3, 6, and 7. The A224L gene produces a viral LAP related-protein and this 

protein has been shown to interact with, and suppress, the activity of caspase-3 (Deveraux 

etal., 1997).

Many viruses interfere with the intrinsic pathway (mitochondria-mediated) of apoptosis by 

encoding proteins that mimic Bcl-2 family proteins. The E1B-19K protein of adenovirus is 

an example o f such a mimic. It has been shown to be associated with and inhibit apoptosis 

induced by the pro-apoptotic Bcl-2 protein family members (Han et al., 1996). Epstein-Barr 

virus proteins BHRFl and BALFl also show similarity to anti-apoptotic Bcl-2 family 

proteins, both in structure and function and inhibit mitochondria-mediated apoptosis 

(Marshall et al., 1999). Marek’s disease virus apparently controls the transcription of 

apoptosis-related genes by the induction o f Bcl-2 and by the repression of Bax (Barry and 

McFadden 1998).

For many viruses, replication depends on the induction of S phase, often leading to increased 

levels of tumour suppressor protein p53. Activated p5 3 leads to apoptosis. Therefore viruses 

have devised strategies for countering p53 to maximize progeny production (Roulston et al.,
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1999). Adenovirus E lB  protein and the large T antigen of SV40 (simian virus 40) bind to

p53 and inhibit p53-mediated apoptosis (Jung and Yuan 1997). Similarly herpesviruses, 

retroviruses, and flaviviruses have also evolved genes to inhibit p53-mediated apoptosis 

(Friborg et al., 1999; Hay and Kamiuoralds 2002).

Oxidative stress is a well-established feature of apoptosis. The production of reactive oxygen 

intermediates and the accumulation of oxidized cellular compounds play a role in the cell 

death mediation. Glutathione peroxidase (GPx) manages the deleterious effects of these 

stressing agents in the cell (Buttke and Sandstorm 1994). It has been shown that molluscum 

contagiosum virus (MOCV) is able to encode a protein similar to Glutathione peroxidase 

which apparently confers survival advantage by inhibiting apoptosis (Shisler et al., 1998).

1.2.1.2.4. The interferons and apoptosis

A host response to virus infection includes the induction of interferons (IFN). The IFN were 

discovered in the late 1950s by their capacity to inliibit influenza virus replication. There are 

two types of interferons. Type I IFN (a and P) are induced by most cell-types such as 

leukocytes and fibroblasts. Type-II IFN (y) is mainly secreted by Th-1 lymphocytes and 

natural killer (NK) cells. A third member (referred to as co) has also been described (Barber 

2001). Although it is clear that IFN can prevent the replication of many viruses such as 

vesicular stomatitis virus (VSV) without damaging the host cell, evidence also indicates that 

these cytokines can greatly sensitize certain cell lines to apoptosis (Stark et al., 1998). 

Therefore, IFN plays an important role in the host response to viral infection by inducing
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important cellular genes, such as PKR, 2'5'-oligoadenylate synthetase, and Mx genes (Stark 

et al., 1998). It has been shown that induction of PKR can sensitize the cell for apoptosis. 

The mechanism by which IFN appears to sensitize cells to apoptosis appears to be 

predominantly via the FADD/caspase-8 signalling, since IFN-induced cell death can be 

prevented by inhibitors o f caspase-8. IFN-induced proteins (e.g. PKR) may govern the 

regulation o f death-induced signalling complexes (DISCs) that comprise FADD/caspase-8 

(Barber 2001). RNaseL, another IFN-induced enzyme, also induces apoptosis in virus- 

infected cells (Diaz-Guerra et al., 1997).

Several viruses have developed mechanisms to protect against the apoptotic and antiviral 

effects of interferon. The poxvirus Vaccinia encodes at least two proteins (E3L and K3L) that 

inhibit PKR action. E3L is a dsRNA binding protein of Vaccinia virus that prevents the 

interaction o f PKR with viral RNA. E3L can inhibit apoptosis induced by infection with E3L 

mutant virus, or by over-expression of activated PKR or by over-expression o f RNaseL and 

2'5' oligoadenlylate synthetase (Davies et al., 1993). Inhibitors from other viruses include 

Influenza A virus N Sl, which binds to PKR and prevents phosphorylation and inactivation 

of eIF-2a (major substrate of PKR) and herpesvirus (HSV-1) protein y, 34.5 that inhibits 

PKR-induced inhibition o f protein synthesis and apoptosis (Roulston et al., 1999).
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1.2.2.Vims neutralization

Virus neutralization tests have been valuable for obtaining knowledge of the antigenic 

properties o f a virus. This is useful in understanding the immune response to viruses and 

designing vaccination strategies. Neutralization of viruses is defined as the abrogation of 

virus infectivity by the binding of antibodies to a virus particle (Dimmock 1995; Klasse and 

Sattenau 2002). The term neutralization is best used only in relation to in-vitro systems as 

there is little information about how antibodies act in-vivo (Dimmock 1995). As a minimum 

requirement for neutralization, the paratopes (antigen-binding sites) of antibodies must 

interact with epitopes on virion-associated antigens. The epitopes must be exposed on the 

surface o f the virion, although exposure may be only transient or contingent upon 

interactions with receptors or other antibodies (Kjellen and Pereira 1968, Roivainen et al., 

1993, Thali et al., 1993, Li et al., 1994). Binding of antibody to an epitope is not in itself 

sufficient for neutralization, and neutralizing epitopes must have the unique functional 

property which leads to loss of virus infectivity (Dimmock 1995). Neutralizing antibodies 

can be IgG, IgA or IgM. Data are lacking on the neutralizing functions of IgD and IgE. The 

relative neutralizing efficiency of different isotypes is not known.

1.2.2.1. Mechanisms of virus neutralization

The mechanism o f neutralization may vary depending on the isotype and number o f antibody 

molecules bound per virus particle. It has been shown that at low concentration, IgA 

antibodies did not prevent the attachment of influenza virus to the host cell receptors but 

neutralized the virus by inhibiting virus fusion activity. At high IgA concentration,
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neutralization resulted 6om  the &ilure o f virus to attach to the host cell, presumably because

the length o f antibody projecting did not allow virus to make contact with the cell receptor 

(Armstrong and Dimmock 1992). Studies have shown that the IgM antibodies, despite their 

large size, prevented fewer than 50% of the neutralized virus from attaching to cells at 

physiological temperatures. The neutralized virus was not however internalized, suggesting 

that IgM antibodies interfere with the endocytic event responsible for internalization of tire 

virus, by some unknown mechanism (Taylor and Dimmock 1985). IgG antibodies neutralize 

Influenza virus primarily by inhibiting virus-cell fusion, although at higher concentrations 

virus attachment to target cells was also inhibited (Edwards and Dimmock 2000; Knossow 

et al., 2002). A virus can be neutralized by various ways and the mechanism of neutralization 

can be classified according to the event in the virus replication cycle blocked by the 

antibodies.

I.2.2.I.I. Aggregation

Aggregation is a mechanism of neutralization that reduces the number of cells to which a 

virion can attach. For example, when ten infectious units are aggregated by an antibody to 

form a single infectious unit then the infectivity is effectively reduced 10-fold. In this way 

even non-neutralizing antibodies become neutralizing (Dimmock 1995). The importance of 

aggregation as a mechanism of neutralization varies greatly between viruses. For example, 

aggregation with IgG, IgM or IgA appears to add little to intrinsic neutralization of Influenza 

A virus but can be very effective in neutralizing poliovirus (Thomas etal., 1986; Armstrong 

et al., 1990; Outlaw et al., 1990).
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I.2.2.I.2. Interference with viral attachment

Virus attachment to the target cell is necessary for infection. Therefore, blocking viral 

attachment is an important mechanism of neutralization of many naked and enveloped 

viruses (Burton etal., 2001). The mechanism of neutralization by steric inhibition o f contact 

between the viral attachment site and its cell receptor occurs only rarely, and a direct 

quantitative relationship has been established for only very few vims-IgG mAh 

combinations. Newcastle disease virus is neutralized in this way by some of its mAbs (lorio 

et al., 1989). Neutralization by this mechanism is thought to be inefficient because the virus 

will not be neutralized until all the attachment sites are blocked which would require binding 

of several antibodies per virion (Smith et al., 1993). Since it will take longer for the virus to 

bind several antibody molecules than one molecule, this type of neutralization is intrinsically 

less efficient than that requiring only one antibody molecule per virion (Dimmock 1995). 

Neutralization epitopes on the influenza virus haemagglutinin surround the receptor-binding 

pocket. This suggests that neutralization interferes with receptor binding and that mutation 

at these sites may abrogate antibody binding but not the docking of the receptor into its 

pocket (Skehel and Wiley 2000). Certain viruses, including herpes simplex virus and foot- 

and-mouth disease virus, make use of ancillary receptors such as heparan sulphate 

proteoglycans for initial tethering to the target cells, and they rely on other molecules for 

internalization or triggering the fusion (WuDunn and Spear 1989, Fry et al., 1999, Ugolini 

et al, 1999). These interactions involving various molecules are potential targets for 

neutralizing antibodies. In the case of poliovirus and HIV-1, it has been shown that 

antibodies can neutralize the virus even after its attachment to the host cell (Vrijsen et al.,
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1993; Armstrong et al., 1995). It is hypothesised that neutralization by antibody binding

following virus-attachment may be due to the appearance of new epitopes exposed or formed 

in consequence of the interaction between the virus and the cell receptor (Kjellen 1985). In 

the case o f  HIV-1, it was demonstrated that changes in the conformations of the envelope 

glycoproteins during the fusion process between viral envelope and host cell membrane, lead 

to the exposure of previously occult epitopes or de novo formation of neo-epitopes 

(Montefiori and Moore 1999). Antisera raised against such neo-epitopes neutralized an array 

o f diverse HIV-1 primary isolates as well (Montefiori and Moore 1999). The ability of some 

of the antibodies to neutralize both before and after attachment to the host cell may indicate 

that these antibodies may be more important for protective immunity in-vivo compared to 

antibodies that neutralize only before attachment (Dimmock 1995).

1.2.2.1.3, Interference with uncoating

Inhibition of fusion of enveloped viruses to the plasma membrane can also lead to 

neutralization. Enveloped viruses belonging to tlie Retroviridae, Herpesviridae, and 

Paramyxoviridae families enter the host cell by fusion of the virion envelope with the plasma 

membrane (Dimmock 1995). For mAbs specific to gpl20, the outer domain o f the envelope 

protein of HIV-1 did not inhibit the virus from binding to its receptor CD4 but neutralized 

the virus by inhibiting primary fusion and uncoating (Mclnerney et al., 1997). The number 

of antibody molecules per virion needed for this type of neutralization is yet to be 

determined. Some enveloped viruses (e.g.. Influenza A virus) are taken up by the cell through 

adsorptive endocytosis within a vesicle which is subsequently converted into an endosome.
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AcidiScation of the endosome can lead to a series o f conformational changes including the

activation o f fusion peptides. This will result in the fusion of the viral envelope with the 

endosomal wall and subsequent uncoating of the virus (Bullough et al., 1994). Antibodies 

can interfere with the requisite fusogenic protein-protein interactions or with conformational 

changes that are instrumental to the fusion process. Alternatively, antibodies can simply 

obstruct contact between the two lipid membranes. It has been shown that some of the 

specific mAbs to Influenza A virus can neutralize the virus by inhibiting the endosomal 

fusion stage o f the infectious pathway (Outlaw et al., 1993). Virus neutralization of 

poliovirus by various neutralizing mAbs involves the prevention o f the cell-mediated 

conversion of virus to 135S and 80S particles in the acidic endosome leading to the 

inhibition o f uncoating o f the virus (Vrijsen et al., 1993).

I.2.2.I.4. Interference with stages of infection subsequent to primary uncoating 

Antibodies can also neutralize the virus without having any effect on the attachment, uptake, 

uncoating of the virion, and internalization of subvirion particles by the cell. Tlois mechanism 

of virus neutralization has been shown in the case of mAh specific to the V3 loop of gpl20 

of HIV-1 (Armstrong et al., 1996). This mAh inhibited a stage subsequent to primary 

uncoating, thus the viral core enters the cytoplasm, leaving behind the viral envelope and the 

bound mAb as an integral part o f the plasma membrane (Armstrong etal., 1996). Particularly 

intriguing examples of putative post-fusion neutralization are provided by influenza virus and 

antibodies to its haemagglutinin protein (Armstrong and Dimmock 1992). Antibodies to 

haemagglutinin protein can neutralize the virus at high concentrations by blocking viral
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attachment to the receptor. Lower concentrations of antibodies neutralized the virus by

changing the distribution of viral nucleoprotein from its normal concentration in the nucleus 

to a perinuclear, cytoplasmic localization (Armstrong and Dimmock 1992). In influenza virus 

infection there is also evidence that secondary uncoating takes place and the virion RNP 

reaches its proper location at the cell nucleus, but fails to initiates transcription. Detergent 

uncoating o f the neutralized virus showed that the transcriptase had not lost activity and 

could still recognize and use capped mRNAs as primers, and that the RNA template was 

intact (Possee et al., 1982; Taylor et al., 1985). How neutralizing antibodies can affect post­

internalization events is not known. It was hypothesized that antibodies send a 

transmembrane signal through the envelope and abrogate the functionality of the viral 

nucleocapsid (Armstrong et al., 1996).

1.2.2.2. Biological relevance of virus neutralization

In-vitro, virus neutralization assays are conducted by mixing serial dilutions of serum or 

mAb with virus, incubating, and assaying for residual infectivity with cultured cells, 

embryonated eggs, or animals. When cell culture is used, the endpoint is defined as the 

highest dilution of the antiserum that inhibits the development o f CPE. In embryonated eggs 

or animals, end point can be assessed by the development of disease or death of the test unit 

(Flint et al., 2000). Neutralizing antibodies define type-specific antigens on the virus particle. 

Therefore, neutralization tests have been invaluable for serotyping the virus. In addition, 

information on the antigenic composition of a virus can be used to understand the immune 

response in order to design vaccination strategies. The use o f mAbs in neutralization assays
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permits mapping of neutralizing epitopes on a virus particle or the amino acid sequence that

gives rise to neutralizing antibodies (Flint et al., 2000). The protective activities of antibodies 

in-vivo is determined by the passive transfer of immune sera or mAbs to a naïve animal, 

which during viral challenge a protective outcome is observed. For many viruses, animal 

models, and challenge routes, this approach has consistently shown a good correlation 

between the protection that is achieved in-vivo and antibody or serum neutralizing activity 

measured in-vitro (Parren et al., 2001). However, neutralization may not be die only 

protective mechanism of antibody in-vivo. It may include effector functions triggered by the 

Fc domain of the antibody such as phagocytosis and antibody-dependent cell-mediated 

cytotoxicity (ADCC) (Kedar et al. 1977; Burton 2002).

Neutralization is not solely the result of virus-antibody interaction, and can under certain 

circumstances be determined by the host cell as well. That is, some combinations of virus 

and antibody result in neutralization in one cell type but give no neutralization in another 

(Dimmock 1995). The practical implications o f cell-dependent neutralization are important 

in view of the necessity to extrapolate from experiments in cultured cells in-vitro to the 

situation in-vivo. The antibodies which neutralize in-vitro may or may not protect in-vivo 

(Dimmock 1993). The protection may be dependent on the host cell, on complement, or on 

the appropriate Fc receptors in the membranes o f cells which have the ability to destroy the 

virus. Once the difference between the situations in the laboratory and the whole animal is 

recognized, it is possible to test for neutralization in-vitro using primary cells, providing that 

the host cell type or tissue is known, available, and can be maintained in the laboratory as a
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model for activity m-vfvo (Dimmock 1995). For example, Influenza A virus proved to be

neutralized by the same mechanism in tracheal organ cultures as in BHK cells (Outlaw etal., 

1990a and b). In order to properly extrapolate to in-vitro situations, cell types used to 

investigate mechanisms of neutralization must be similar to those considered important in- 

vivo (Klasse and Sattentau 2001).

1.2.3. Antibody dependent enhancement (ADE) of virus infectivity 

Despite major vaccine successes o f the past century in the prevention of viral diseases, such 

as those caused by smallpox and poliovirus, many viruses remain refractory to vaccine- 

induced immune control. There are cases in which vaccination has been reported to 

predispose individuals to exaggerated or enhanced disease upon exposure to virus. This was 

first observed in 1960s in epidemiological studies of infections caused by dengue or 

respiratory syncytial viruses (RS V) and the term “antibody-dependent enhancement” (ADE) 

o f viral infection was formally introduced to describe the phenomenon of immune-enhanced 

disease (Kapikian et al., 1969; Kim et al., 1969; Halstead etal., 1969,1970). The paradoxical 

phenomenon of ADE of virus infectivity was first described in the mid 1960s by 

investigators performing plaque reduction neutralization tests with several flaviviruses and 

rabbitpox virus in primary chicken embryo fibroblast cultures (Hawkes 1964; Hawkes and 

Lafferty 1967). It was shown that the replication of some viruses was enhanced rather than 

inhibited in the presence of low titer ofhyperimmune serum. These studies were confirmed 

by subsequent studies on West Nile virus (Peiris and Porterfield 1979; Cardosa et al., 1983), 

yellow fever virus (Schlesinger and Brandriss 1981), Japanese encephalitis virus (Cecilia and
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Ghosh 1988), and Murray Valley encephalitis (Kliks and Halstead 1983, Wallace et al.,

2003). Since then ADE has been demonstrated for viruses from several other families (Table 

1.1).

Some of these viruses represent a significant human health threat, and others are of veterinary 

importance. Although many of these viruses demonstrating ADE in-vitro have also been 

associated with higher morbidity or mortality in case of prior immunity, the link between in- 

vitro observations of ADE and the in-vivo clinical phenomenon of disease enhancement is 

difficult to establish (Sullivan et al., 2001). Most of these viruses show certain common 

features including their ability to; (a) replicate in part or exclusively in macrophages, (b) 

induce the production of large amounts of antibodies that poorly neutralize even homologous 

virus, and (c) cause persistent infections which are commonly characterized by viremia of 

long duration (Tirado and Yoon 2003). Antigenic diversity among isolates is also a common 

feature of these viruses, which renders them partially resistant to neutralization by antibodies 

raised against heterologous isolates (Tirado and Yoon 2003).

1.2.3.1. Fc receptor-mediated ADE

The precise mechanism of ADE of virus infection is not completely understood. It is 

generally assumed that increased yields o f virus are primarily due to a greater number of 

susceptible cells being infected (Gimenez et al., 1989; Corapi et al., 1992; Olsen et al., 1992).
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Table 1.1. Viruses ibr which ADE of infectivity has been demonstrated

Family Virus Reference(s)

Arenaviridae Lassa fever virus Lewis et al., 1988

Bunyaviridae Rift Valley fever virus Peiris and Porterfield 1981

CoroMnvfrfrfae Feline infectious peritonitis virus Hohdatsu et al., 1991; 
Olsen et al., 1992

Filoviridae Ebola virus Takada et al., 2003

Flaviviridae Dengue virus 
West Nile virus 
Yellow fever virus 
Japanes encephalitis virus 
Murray Valley encephalitis

Halstead et al., 1969,1970 
Peiris and Porterfield 1979; 

Sclilesinger and Brandriss 1981 
Cecilia and Ghosh 1988 
Kliks and Halstead 1983; 
Wallace et al., 2003

Herpeseviridae Mouse cytomegalovirus Inada et al., 1985

Orthomyxoviridae Influenza A
Infectious salmon anaemia virus

Ochiai et al., 1992 
This thesis

Paramyxoviridae Respiratory syncytial virus Kapikian et al., 1969;
Kim et al., 1969; Gimenez 1990

Parvoviridae Aleutian disease virus Porter et al., 1980; 
Kano et al., 1993

Picornaviridae Coxsaclde virus B3 Girn et al., 2002

Reoviridae Mammalian reovirus, 1 and 3 Burstin et al., 1983

Retroviridae Human immunodeficiency virus 
Equine infectious anaemia virus, 
Caprine arthritis-encephalitis virus 
Simian immunodeficiency virus

Robinson et al., 1988;
Takeda et al., 1988;
Montefiori et al., 1989;
Jolly et al., 1990;
Wang et al., 1994;
Fust 1997; Villinger et al., 2003

Rhabdoviridae Rabies virus Blancou et al.,1980,
Prabhakar and Nathanson 1981

Togaviridae Ross River virus Lidbury and Mahalingam 2000

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This increase in the infection rate of cells is shown to be mediated mostly by Fc receptors

(FcR), that facilitate the uptake of vims-antibody complexes by target cells through FcR- 

mediated endocytosis. The FcR-mediated mechanism of ADE of virus infection was first 

suggested by Halstead and O’Rourke (1977) who reported that F(ab’)2 fragments prepared 

from IgG did not enhance infection of dengue virus in human peripheral blood leukocytes.

Generally, interaction between vims-antibody complexes and FcR on monocytes or 

macrophages induce signal transduction, resulting in phagocytosis, release o f cytokines, a 

superoxide burst, and antibody-dependent cell cytotoxicity (Roite et ah, 1985). It is not 

known how vims evades this antiviral host response and results in enhanced infection. It is 

possible that these viruses have the ability to modulate antiviral mechanisms of the cells by 

utilizing their own products or by interfering with the metabolic pathways of the cells (Tirado 

and Yoon 2003). It is also assumed that infections by vims-antibody complexes are restricted 

to immimologically immature sub-populations of the cells (Halstead 1982). Halstead and co­

workers found that human monocytes became increasingly resistant to infection when 

cultured more than a day prior to being infected with dengue vims-antibody mixture 

(Halstead and O’Rourke 1977). Restriction of viral infection to immunologically immature 

cells was also demonstrated in mice that were persistently infected with lactate 

dehydrogenase vims (Stuekemann et ah, 1982). Study with Ross river vims (RRV), the 

causative agent for epidemic polyarthritis in human, suggested that the cellular environment 

may become less antiviral following FcR-mediated entry and replication of the vims 

(Lidbury and Mahalingam 2000). In this case, production of certain transcriptional factors
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for antiviral genes in mnrine macrophages were inhibited when the cells were infected with

the virus through FcR-mediated pathway instead of natural receptors o f the virus on the cell. 

Investigation of Fc- mediated infection pathway found that RRV was able to suppress the 

transcription and translation ofkey antiviral genes (tumor necrosis factor and inducible nitric 

oxide synthase) in LPS-stimulated macrophages by disrupting the transcription into mRNA 

of the genes coding for the associated transcription factors IRF-1 and NF-kappaB (Lidbury 

and Mahalingam 2000).

Studies have shown that other mechanisms could also account for ADE. A recent study on 

ADE of Ebola virus infection showed tliat antibodies binding to the envelope proteins lead 

to the binding of complement (C l) with the Fc portion o f the antibody. The resultant 

complex of the virus, antibodies, and complement binds to the complement ligand at the cell 

surface, promoting either binding of the virus to Ebola virus-specific receptors or endocytosis 

o f the virus by intracellular signalling via complement ligands (Takada et ah, 2003). In the 

case of HIV-1, at least four mechanisms of ADE have been described. The first mechanism 

is a CD4 dependent, FcR-mediated ADE. In one study, a macrophage-like cell line lacking 

CD4, a receptor for HIV-1, did not show ADE. This observation implied that attachment of 

antibody coated virus to Fc receptors increased the interaction of gpl20 (receptor binding 

protein of HIV-1) with its specific receptor (CD4) leading to enhancement of infection 

(Pemo et ah, 1990; Jouault et ah, 1991). Hie second mechanism is a CD4-independent FcR- 

mediated ADE. It has been shown that under some conditions, ADE can circumvent the use 

o f HIV receptors. Studies using cultures o f human primary peripheral blood mononuclear
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cells showed that blocking of FcR alone eliminated the occurrence of enhanced infection by

human or chimpanzee immune sera, confirming the importance of FcR in HIV-1 ADE 

(Homsy et ah, 1989). The third mechanism is a complement-mediated ADE. Robinson et al. 

(1989) and Prohazka et al. (1997) showed that enhancement of HIV-1 infection can proceed 

by the alternative pathway of complement, whereby HIV-specific immunoglobulin and 

complement facilitate virus attachment and uptake by binding to complement receptors. 

However there is also evidence that complement-enhanced HIV-1 infection can proceed in 

the absence of HTV-specific antibodies and/or CD4 (Boyer et ah, 1991, 1992). The fourth 

mechanism is an Fc receptor and complement receptor-independent ADE. Studies using 

purified antibody preparations and permissive cells without FcR showed that ADE can occur 

in the absence of complement and FcR (Schutten et al., 1995, 1997). In this case antibody 

binding to gpl20 of HIV-1 induces conformational changes in the envelope glycoproteins 

that are thought to resemble virus receptor activated modifications of gpl20 structure that 

enable association with chemokine co-receptors to promote downstream membrane-fusion 

events and enhancement o f infection (Sullivan 2001).

1.2.3.2. Antibodies and epitopes mediating ADE

Enhancement of virus infection has been demonstrated using antibodies from various sources 

including polyclonal antisera, mAbs, and antibodies purified Eora antisera. Experiments 

using fractionated IgG and IgM antibodies showed that only the IgG fraction caused ADE 

of dengue virus infection (Halstead and O’Rourke 1977). Similar observations were made 

in the case of FIP virus where only IgG class mAbs enhanced virus infection (Olsen et al.,

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1992). In the case of Ebola virus where complement plays an important role in ADE, it is

suggested however, that IgM antibodies can contribute to the ADE due to the fact that 

complement binds more efficiently to polymeric IgM than to the monomeric IgG antibodies 

(Borsos 1992; Takada et ah, 2003). It is not known whether other isotypes of antibodies (IgA, 

IgD, and IgE) can mediate ADE. Different subtypes o f IgG have also been evaluated for their 

ability to mediate ADE of virus infection. IgGl, IgG2a, and IgG2b mAbs specific for 

envelope protein of dengue virus are reported to enhance infection in cells with Fc receptors 

(Henchal et ah, 1985; Morens et ah, 1987). No information is available about the role of 

IgG3 in ADE of dengue virus infection. In the case of FIP virus, most of the enhancing 

antibodies were o f IgG2a subtype (Corapi et ah, 1992). The difference in immunoglobulin 

subclass between neutralizing mAbs that induced ADE and those that did not induce ADE 

suggests that there may be a restriction in the immunoglobulin subclasses capable of 

mediating ADE (Corapi et ah, 1992). Use of feline macrophages also suggests that the 

difference in the ability of FIP virus-specific murine IgG isotype to mediate ADE of infection 

is due to differences in the binding affinity of murine isotj'pes to FcR on feline macrophages 

(Hohdatsu et ah, 1994).

Ochiai et ah (1988) demonstrated the antibody-enhanced internalization and growth of 

Influenza A vims NWS (H lN l) in the cultured murine macrophage-like cell line in the 

presence of sub-neutralizing antiviral IgG. Their experiments revealed that the intracellular 

pathways of the vims after internalization via Fc receptors or viral receptors are similar. HA 

and NA of Influenza A vims induce antibodies that enhance uptake of vimses via Fc
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receptors in mammalian macrophage-like cell lines (Tamura etal., 1991). Despite the drift

of neutralizing antigen of Influenza A virus strains within a subtype, cross-reactive, non­

neutralizing antibodies persisted and they enhanced virus uptake by FcR bearing cells. 

Therefore, it is suggested that the drift of neutralizing antigens occurred more quickly than 

the drift o f infection-enhancing antigens during the evolution of virus strains o f influenza H3 

subtype (Tamura et al., 1991). Distinct epitopes of Influenza A HA that induce neutralizing 

and/or enhancing antibodies have also been identified using monoclonal antibodies (Tamura 

et al., 1993).

Studies using mAbs showed that ADE is dependent on the epitopes and is not solely tire 

result of the concentration of the virus specific antibodies (Halstead et al., 1984). Since 

viruses in the same genus or family share common antigenic determinants, ADE of virus 

infection can be mediated by antibodies raised not only against heterologous strain but also 

against different serotypes of the viruses or even against closely related viruses in the same 

genus or family. Dengue virus infection can be enhanced by antisera raised against 

heterologous serotypes of dengue virus and also by antisera specific for other flaviviruses 

suggesting that serotype specific as well as flavivirus-cross reactive epitopes are associated 

with ADE of dengue virus infection (Halstead and O’Rourke 1977; Halstead et al., 1984). 

Tamura et al. (1994) showed that infection by Influenza A virus can be augmented by 

pretreating the virus with antisera raised against different subtypes o f the virus. Similarly, 

infection of feline peritoneal macrophages by FIP virus was enhanced by mAbs generated 

against transmissible gastroenteritis virus o f swine, which also belongs to the Coronaviridae
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family (Olsen and Scott 1993). In their studies on ADE of FIP virus, Olsen and co-workers

(1992) were able to categorize the mAbs that represented the epitopes of the envelope S 

protein into three groups according to their ability to; (a) only neutralize, (b) both neutralize 

and enhance, and (c) only enhance FIP virus infection. Furthermore, mAbs with specificity 

for different FIP virus antigenic determinants varied in their ability to enhance virus 

infection, suggesting that epitopes are strongly or weakly associated with ADE of infection 

(Olsen et al., 1992; Corapi et al., 1992). These findings also indicate that it may be possible 

to develop vaccines with strong neutralizing and weak ADE inducing characteristics.

1.2.3.3. ADE determination assays

Although in-vivo assays may have more clinical relevance, in-vitro assays utilizing various 

sources of virus specific antibody, such as antisera, mAbs, or fiactionated immunoglobulins, 

are generally performed to determine the ability of antibody to enhance specific virus 

infections (Halstead et al., 1982, Tirado and Yoon 2003). Either increased production of 

progeny virus or the proportion of cells being infected after exposure to virus-antibody 

mixtures is assessed in in-vitro studies of ADE. The virus yield is usually determined by 

microtiter infectivity assay or plaque assay using permissive cell lines (Halstead et al., 1982). 

Various assays including fluorescent microscopy (Olsen et al., 1992) and in-situ 

hybridization (Olsen et al., 1993) are used to measure the proportion o f cells infected with 

the virus. Morens and Halstead (1990) proposed the following criteria in order to verify true 

ADE; (i) a statistically significant increase in the virus production as measured by 

quantitative assays at selected time points on the one step growth curve, (ii) serial dilution
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of the pre-incubated antibody source must produce an 'enhancement proSle' o f rising,

peaking, and declining production of infectious virions over at least a 10^-fold dilution range, 

(iii) the dilution o f the antibody source at which ADE is maximal must be related to its 

reactivity in other serological tests that measure envelope binding (iv) ADE should be 

detected with different antibody sources and virus strains tested over a range of multiplicity 

of infection (m.o.i.), and lastly (v) other causes of increased virus production must be ruled 

out, including a stabilizing or stimulating effect of the antibody source on the infected cell, 

prevention o f thermal decay of virus by antibody, and competition for cell receptors and 

antibodies by either non-infectious or soluble or membrane antigens in the virus stock.

The general approach for the demonstration of ADE in-vivo is to challenge susceptible host 

animals with the target virus after injecting them with antibodies (purified antibody or 

antiserum). The level of virus replication is then monitored and compared to animals that did 

not receive antibody. Halstead (1979) injected rhesus monkeys intravenously with human 

cord-blood containing anti-dengue virus antibody and immediately challenged them 'with 

dengue virus and demonstrated that the monkeys that were injected with dengue virus 

antibody developed higher levels of viremia for a longer period than control monkeys. Most 

recently, in-vivo ADE has been demonstrated in the case o f Murray V alley encephalitis virus 

where passively immunized mice showed increased viremia and mortality following viral 

challenge (Wallace et al., 2003).
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1.2.3.4. Biological signiBcance of ADE

Many of the viruses demonstrating ADE in-vitro have also been associated with higher 

morbidity or mortality in case of prior immunity. In these cases, presence of antibodies 

increased the susceptibility to subsequent viral infections and/or exacerbated the severity of 

clinical disease by virus challenge in vaccinated individuals (Tirado and Yoon 2003). The 

association between ADE of infection and the severity of dengue haemorrhagic fever has 

been extensively studied. This association was first observed by Halstead and co-workers 

who observed that the severity of dengue fever was significantly greater in children with 

maternal antibody specific for dengue virus than in cliildren with no dengue virus-specific 

maternal antibody (Halstead 1970; Halstead et al., 1970). In another study, infants with 

maternally acquired respiratory syncytial virus antibody were not only susceptible to virus 

infection, but the rate o f severe infection was higher in these infants when compared to 

infants without maternal antibodies (Chanock et al., 1970).

Antibody-dependent enhancement has been incriminated as a disease-enhancing factor of 

FIP. Cats with active or maternal immunity to FIP virus often develop an accelerated and 

more fulminant disease following challenge with FIP virus compared to seronegative cats 

(Weiss and Scott 1981a, b, c). Immune-mediated disease enlrancement has been 

demonstrated in kittens that had vaccine-derived humoral immunity directed against the 

spike protein of FIP virus which resulted in earlier death than control animals (Vennema et 

al., 1990).
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Aleutian disease virus (ADV) causes a fatal glomerulonephritis in mink due to deposition

of soluble immune complexes on renal glomerular membrane or wall of capillary blood 

vessel. This parvovirus circulates in the blood mainly as immune complexes, which are fully 

infectious, both in-vivo and in-vitro (Porter et al., 1980). There is also strong evidence 

suggesting that ADE plays an important role in the pathogenesis of ADV. It has been 

demonstrated that infection of mink peritoneal macrophages by ADV can be enhanced by 

anti-ADV antibodies (Kano et al., 1993). Moreover, in a vaccination trial using inactivated 

ADV, eight out of ten vaccinated animals developed severe Aleutian disease as compared 

to the control animals (Porter et ah, 1972). Disease enhancement due to vaccine-induced 

antibodies has also been demonstrated in the case o f equine infectious anaemia virus (Issel 

et al., 1992), and exacerbation o f disease severity in vaccinated animals has also been 

observed for other lentiviruses (McGuire et al., 1986).

The presence of non-neutralizing antibodies capable of facilitating virus entry into 

macrophages, cells expressing Fc, or complement receptors may contribute to the persistence 

by creating a virus reservoir in macrophages. ADE of virus infection can be a major obstacle 

to the development o f effective vaccines for disease control. In those cases, identification of 

viral epitopes associated with ADE and neutralization is important. Potential risk may be 

minimized by avoiding enhancing epitopes in recombinant subunit or DNA vaccine 

preparations. Clear understanding of the cellular events during ADE of virus infection is also 

essential for effective intervention.
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1.2.4. Infectious salmon anaemia vims (ISAV)

I.2.4.I. Incidence and geographic distribution of ISA

Infectious salmon anaemia (ISA) is a fatal disease of farmed Atlantic salmon caused by a 

new orthomyxovirus, namely infectious salmon anaemia virus (ISAV). ISA is characterized 

by severe anaemia and high mortality in farmed Atlantic Salmon, Salmo salar (Nylund et 

al., 1995). The disease has occumed in Norway since 1984 (Jarp and Karlsen, 1997), but the 

virus may have been present in Norwegian salmon farms as early as 1977 or 1978 (Devoid 

et al., 2001; Nylund et al., 1995a). The Office International des Epizooties (OIE, World 

Animal Health Organization) officially recognized the disease in 1990 and named it ISA 

(Hâstein 2003). The first ISA outbreak to occur outside ofNorway was in New Brunswick, 

Canada, in 1996 (Byrne et al., 1998; Mullins et al., 1998), although there is anecdotal 

evidence indicating that the virus may have been present in the Bay of Fundy in 1995. ISA 

outbreaks have also occurred in Scotland, U.K., in 1998 and 1999 (Bricknell et ah, 1998; 

Rodger et ah, 1999; Murray 2003), in the Faroe Islands, Denmark, since 2000 (Anon. 2000; 

Lyngoy 2003), in Maine, USA, since 2001 (Bouchard et ah, 2001), and in Nova Scotia, 

Canada, in 2000 (Kibenge et ah, 2001b). Laboratory data on tissues and sera from farmed 

coho salmon (Oncorhynchus kisutch) support the existence o f ISAV in Chile as well 

(Kibenge et ah, 2001 a, 2002). The vims has also been detected in apparently healthy farmed 

rainbow trout {Oncorhynchus mykiss) in Ireland in 2002 (Anon. 2002), and in asymptomatic 

wild fish [sea trout {Salma trutta trutta), Atlantic salmon, and brown trout {Salmo trutta L)] 

from the same geographical locations with Atlantic sahnon farms experiencing clinical ISA 

in Scotland (Raynard et ah, 2001a; Cunningham et ah, 2003).
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I.2.4.2. Properties and structure of ISAV

Infectious salmon anaemia vims is now classified in the family Orthomyxoviridae (Krossoy 

etal., 1999), genus/savzrws'(http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm). ISAV 

shares several morphological, biochemical, and physiochemical features with those of 

influenza viruses. It is the only species of the genus Isavirus, one of the five genera of the 

Orthomyxoviridae family. Other genera include Influenzavirus A, Influenzavirus B, 

Influenzavirus C, and Thogotovirus. The structural properties of the genus Isavirus include 

enveloped virions o f90-140 nm diameter (Damievig et ah, 1995; Nylund et ah, 1995b) with 

a genome 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 ah, 2002). All o f the eight RNA genomic segments of ISAV have been sequenced 

(Mjaaland et ah, 1997; Krossoy et ah, 1999,2001a; Snow et al., 2001a, 2003; Rimstad et ah, 

2001; Ritchie et ah, 2001a, 2002; Cloutliier et ah, 2002). Comparison of the ISAV proteins 

with those of other orthomyxoviruses revealed low amino acid identity values, between 

<13% and <25% (Krossoy et ah, 1999; Kibenge etal., 200 lb; Snow and Cunningham, 2001 ; 

Ritchie et ah, 2002), and the order of the genome segments encoding the proteins in ISAV 

appears to differ from those o f influenza viruses (Table 1.2).

The buoyant density of the complete vims particles in sucrose and cesium chloride gradients 

is 1.18 g/mL (Falk et ah, 1997). The vims is sensitive to chloroform, ether, heat, UV 

irradiation, and extremes of pH ( Kristin and Rimstad 2001; Falk et ah, 1997; Mjlaand et ah, 

1997; Thomd 1991).
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Table 1.2. Comparison of genome coding assignments for ISAV and Influenzavirus A

Gene products’

Genome Isavirus Influenzavirus A

segment

1 PB2 (84K):’ PB2 (96K)

2 PB I (84K) PBl (87K)

3 NP(77K) PA (85K)

4 PA (71K) HA1(48K), HA2(29K)

5 Unknown (47K) NP (50-60K)

6 HE (42K) NA (48-63K)

7 Unknown (3 IK), NEP (17K) M1(25K), M2(15K)

8 M l (24K), NSl (16K) NS1(25K),NS2 (12K)

’ Gene products: PB2, PB l, and PA: Polymerase; NP: Nucleoprotein; HE: (haemaglutinin 
esterase in ISAV; Falk et al., 2004); HA: Haemagglutinin (two subunits in Influenzavirus A); 
NA: Neuraminidase; M l: Matrix protein; M2: Ion channel protein; N Sl: Nonstructural 
protein 1 ; NS2: Nonstructural protein 2 (also known as Nuclear export protein, NEP).

 ̂Numbers in parenthesis are the observed molecular weights (in kilodaltons). Isavirus data 
are from Kibenge et al. (2004). Influenzavirus A data are from Cox et al. (2000).
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Exposure to 56°C for Eve minutes or pH 4.0 for 30 minutes resulted in complete loss of virus

infectivity. The virus has been shown to survive in seawater for 20 hours at 6°C and in fish 

tissues (blood and kidney) for 4 days at 6° C (Nylund et al., 1995b). This difference is not 

unexpected considering the cell-associated nature of the virus (Kibenge et al., 2000). A 1000- 

fold reduction in the infectivity titer in freshwater was observed upon exposure to ultraviolet 

irradiation at a dose of Ô.4-9.4 J/m^, while in wastewater the equivalent inactivation of the 

virus required a dose of 56-88 J/m^ (Kristin and Rimstad 2001). Chemicals such as 

chloroquine, ammonium chloride, and bafilomycin Al inhibit ISAV replication in cell 

culture (Eliassen et al., 2000). These agents elevate the intraluminal pH in the endosomes, 

thereby inhibiting the activation of the membrane fusion protein required for the release of 

viral ribonucleoproteins (RNPs) into the cytoplasm.

I.2.4.3. ISAV genome coding assignments

Purified ISAV was shown to contain four major polypeptides with estimated molecular size 

o f 71, 53, 43/46, and 24/26.5 kDa (Falk et al., 1997; Kibenge et al., 2000). Most recent 

studies analyzed four major structural proteins o f ISAV and assigned molecular weights o f 

66, 50, 42, and 22 kDa, respectively, to the four major structural proteins of ISAV. This 

included two glyosylated proteins with estimated molecular masses o f 42 and 50 kDa, one 

66 kDa phosphoprotein, and one 22 kDa protein (Falk et al., 2004). This study showed that 

42 and 50 kDa proteins were glycosylated using metabolic labeling with tritiated mannose, 

lectin binding, and deglycosylation experiments. Metabolic labeling with '^P demonstrated 

that 66 kDa protein was a phosphoprylated structural protein (Falk et al., 2004). When
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puriûed virus was solubilized by nonionic detergent NP-40 it was observed that 50,42, and

22 kDa proteins were soluble and 66 kDa protein was insoluble. It was also shown that 22 

kDa protein is a late protein accumulating in the nucleus. Based on these observations, Falk 

et al. (2004) concluded that 42 and 50 kDa proteins are surface proteins, 66 kDa 

phosphoprotein is the NP protein, and 22 kD protein is the matrix protein o f ISAV. This 

study also proposed to designate the 42 kDa as haemagglutinin esterase (HE) protein (Falk 

et al., 2004).

Although nucleotide and amino acid sequence information is publicly available for all eight 

ISAV genome segments, the identities of the proteins encoded by most of the segments have 

not been determined. Protein expression has only been described for ISAV RNA segments 

1 and 6 which encode the putative PB2 (Snow et al., 2003) and haemagglutinin (Rimstad et 

al., 2001; Krossoy et al., 2001a) proteins, respectively. The genomic segment 1 of ISAV 

encodes the putative polymerase (PB2) protein. The putative PB2 protein was shown to 

contain a bipartite nuclear localization signal in the C-terminus of the protein and when 

expressed in fusion with a green fluorescent protein (GFP) was shown to exhibit nuclear 

localization in fish cell line CHSE-214 (Snow et al., 2003). Krossoy et al. (1999) described 

the sequence from segment 2 and suggested that this segment encodes one protein with 

motifs that are conserved across the Orthomyxoviridae, and in RNA-dependent RNA 

polymerase genes in general. Snow and Cunningham (2001) described segment 3 and 

analysis of the nucleotide, and predicted amino acid sequences suggested that this segment 

encoded the NP. The predicted molecular weight of the gene product, 71 kDa, correlated
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with the previous estimates of structural proteins (Falk et al., 1997; Kibenge et al., 2000).

Ritchie et al. (2001) also described the sequence of segment 3 and included segment 4 as a 

possible polymerase-encoding gene. Genomic RNA segment 5 is assumed to encode a 

surface glycoprotein as it carries a hydrophobic signal sequence of 17 amino acids and 

potential glycosylation sites (Clouthier et al., 2002). RNA segment 6 of ISAV encode the 

putative haemagglutinin protein (Rimstad et al., 2001; Krossoy et al., 2001a, Falk et al., 

2003) which was recently renamed as HE since viral esterase is located with the 

haemagglutinin on the same protein (Falk et ah, 2004). This finding was confirmed by the 

demonstration of acetylesterase activity in affinity-purified haemagglutinin preparations 

(Falk et ah, 2004). The haemagglutinin protein was recognized by monoclonal antibody 

3H6F8 (Falk et ah, 1998) directed against ISAV haemagglutinin, and expression o f the 

protein in either insect cells or SHK-1 cell line demonstrated its hemadsorptive properties 

for salmon erythrocytes (Rimstad et ah, 2001 ; Krossoy et ah, 2001). The reported estimated 

molecular mass of the haemagglutinin protein varies from 46 kDa (Kibenge et al., 2000) to 

43 kDa (Falk et ah, 1997) to 42 kDa (Falk et ah, 2004) to 38 kDa (Griffiths et ah, 2001). The 

molecular mass of haemagglutinin protein predicted from the gene sequence is similar to that 

observed by SDS-PAGE and Western blotting using purified virus preparation as antigen. 

Therefore, it was suggested that, unlike in influenza viruses HA, the ISAV haemagglutinin 

protein did not appear to be cleaved post-translationally (Krossoy et al., 2001).

The gene-protein assignment for viral RNA segment 7 and 8 is controversial as each has two 

open reading frames (ORFs) capable o f encoding proteins o f sizes corresponding to M l and
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or N Sl and NEP proteins. The segment 7 encoded proteins were considered non-structural

proteins since they failed to react by Western blotting with a polyclonal rabbit antiserum 

raised against purified ISAV (Biering et al., 2002). The segment 8 ORE of ISAV was 

reported to encode the 24 kDa protein, one of the major structural proteins of ISAV, although 

the identity of this protein was not determined (Biering et al., 2002). Our laboratory has 

studied the gene-coding assignments of ISAV by individually expressing the open reading 

frames (ORFs) in the eight RNA segments in-viti'o with rabbit reticulocyte lysates and 

analyzing their translation products by immunoprécipitation with rabbit antiserum to purified 

whole virus. The products o f segments 1-7 and o f ORFl in segment 8 were 

immunoprecipitated suggesting that they are structural viral proteins. The segment 8 0RF2 

product was not immunoprecipitated and is probably nonstractural (Kibenge et al., 2004). 

These findings contradict some of the presentations by Cunningham and Snow (2003) about 

the genetics of ISAV. Thus the ISAV genome appears to encode at least 10 proteins, of 

which nine are structural and one is nonstructural (Table 1.2).

1.2.4.4. ISAV strain variation

The concept of ISAV strain variation has gained wide acceptance since Blake et al. (1999) 

first reported partial genomic sequence data of segments 2 and 8 and showed significant 

differences between Canadian and Norwegian isolates (Cunningham and Snow, 2000; 

Kibenge et al., 2000a; Inglis et al., 2000; Krossoy et al., 2001b; Ritchie et al., 2001b). ISAV 

isolates could be grouped into two phenotypes based on their ability to grow and cause CPE 

in CHSE-214 cells (Kibenge et al., 2000a; 2001b), but the molecular basis for this
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phenotypic variation has not yet been determined. Different ISAV isolates also vary in the

molecular sizes of their polypeptides (Kibenge etal., 2000a) as do influenza viruses (Kendal, 

1975). Most recently, Cook et al. (2003) have reported an assay utilizing RT-PCR and 

denaturing gradient gel electrophoresis (DGGE) (Myers et al., 1987) that is capable of 

providing quick and reliable typing of ISAV isolates. However, to date there has been little 

success to show whether the genetic variations of ISAV are associated with any phenotype 

of tire virus such as antigenic type, serotype, pathotype or virulence.

Alignment o f amino acid sequences of the haemagglutinin protein o f different ISAV isolates 

revealed a higlrly polymorphic region (HPR) in the C-terminal part of the protein (Rimstad 

et al., 2001) that was suggested to be a useful epidemiological marker o f the virus (Krossoy 

et al., 2001a). In a more extensive analysis using 32 different ISAV isolates, this HPR was 

found to consist of a 4-16 amino acid deletion in all isolates relative to Canadian ISAV 

isolate RPC/NB-980 280-2, leading Kibenge et al. (2001b) to suggest that the archetypal 

ISAV was probably of Canadiair origin. A recent analysis of 62 ISAV haemagglutinin 

sequences in the GenBank database confirmed that there are two haemagglutinin genotypes 

of ISAV, with the HPR spanning haemagglutinin residues 338-367 (Marshall 2003). Because 

these genotypes correlated to antigenic groupings, they were designated haemagglutinin 

subtypes (Kibenge et al., 2001b). The two haemagglutinin subtypes oflSAV have nucleotide 

sequence identities o f <80.4% and amino acid sequence identities o f <88.2% whereas within 

each subtype, both sequence identities are < 90.7% (Marshall 2003). For Influenza A virus 

which has up to 15 different HA subtypes, amino acid sequence identities for isolates
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belonging to diSerent subtypes can range 6om 25-80% (Nobnsawa et al., 1991; Kawaoka 

et al., 1991 ; Wright et al., 1995; Skehel and Wiley, 2000). Thus the haemagglutinin protein 

of ISAV shows less variation than that of influenza A virus HA protein.

Because many more ISAV isolates of the European haemagglutinin genotype have been 

sequenced compared to isolates of the North American genotype, more variation is evident 

in the entire haemagglutinin sequence as well as in the HPR of European isolates (Marshall 

2003). Devoid et al. (2001) recognized 11 HPR groups among 37 European ISAV isolates 

and suggested that they arose by homologous recombination within the HPRs. However, 

Mjaaland et al. (2002) who examined twice as many European ISAV isolates disagreed with 

the recombination theory. These authors proposed that the patterns o f variability in the HPR 

were due to deletions from a longer donor haemagglutinin gene designated HPRO that they 

amplified from a normal wild Atlantic salmon (Ctmningham et al., 2003). This HPRO 

sequence contained 11 more amino acids than found in ISAV isolate RPC/NB-980 280-2 

(Kibenge et al., 2001b), and was suggested to be the archetypal ISAV (Cumringham et al., 

2003), although the virus could not be isolated in cell culture. Most recently, an HPRO 

sequence has also been detected in Atlantic salmon samples in the Bay of Fundy, NB, 

Canada (Cook et al., 2004).

The antigenic variation of ISAV isolates is correlated with the genetic variation of the 

haemagglutinin gene, allowing the grouping of ISAV into North American and European 

haemagglutinin suhtypes (Kibenge et al., 2001b). Since the virus neutralization tests used
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only antisera to ISAV isolates of the North American haemagglutinin subtype (Kibenge et

a l, 2001b), antigenic relationships among the European isolates were not however clearly 

determined. In recent virus neutralization tests in our laboratory, rabbit antiserum to the 

Scottish ISAV isolate 390/98 of the European haemagglutinin subtype did not neutralize 

either the Nova Scotian ISAV isolate U5575-1 (Kibenge et al., 2001b) or Norwegian isolate 

485/9/97 which are also of European haemagglutinin subtype. Thus presently there are at 

least three haemagglutinin subtypes o f ISAV: (1) North American, (2) European, and (3) 

isolate U5575-1 (Kibenge et al., 2004). Alignment o f deduced amino acid sequences in the 

HPR of the haemagglutinin protein of selected ISAV isolates identified the putative antigenic 

motif around the common potential N-glycosylation site at amino acid positions 

with one mutation site at positions 320 to 323 on one side and a second mutation site at 

positions 339 to 367, between European and North American subtypes (Marshall 2003). The 

Nova Scotian ISAV isolate U5575-1 HA protein has an additional unique potential 

N-glycosylation site at amino acid positions ^ ^ Q T ^ ^  very close to the predicted 

transmembrane region (amino acid positions 368 to 409) (Marshall 2003). The presence of 

the additional carbohydrate chain in this region may result in a new epitope accounting for 

the isolate U5575-1 (and possibly Norwegian isolate 485/9/97) being antigenically distinct 

fi-om the European (Marshall 2003) subtype. Studies on RNA segment 5 revealed up to four 

distinct genotypes among 30 ISAV isolates studied (Kibenge et al., 2004). Thus there is 

significant antigenic variation among ISAV isolates.
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I.2.4.5. ISAV replication m-v&ro

The first indication that ISAV can be grown in cell culture was when Dannevig and Falk 

(1994) showed that it replicated in primary cultures of leukocytes from Atlantic salmon. The 

virus yield was however, low, and cell susceptibility was variable. Subsequently, a 

continuous cell line, SHK-1, was established from a culture of Atlantic salmon head kidney 

leukocytes (Dannevig et al., 1995a,b). The SHK-1 cell line allowed replication oflSAV with 

development of CPE (Dannevig et al., 1995a,b, 1997), and moderate infectivity titers of 10® 

to 10’ TClDgg/ml (Falk et al., 1997; Kibenge et al., 2000a). This cell line is widely used for 

primary isolation oflSAV, and is currently the best fish cell line for this purpose. However, 

it is a very delicate cell line requiring very low split ratios, a complex growth medium, and 

at higher passages it seems to lose sensitivity for ISAV resulting in poorly defined and slowly 

developing CPE by some ISAV strains (Falk et al., 1998; Rolland et al., 2003). Furthermore, 

it has not been possible to isolate virus from some ISA outbreaks using this cell line 

(Rimstad and Mjaaland, 2002). Bouchard et al. ( 1999) successfully used the CHSE-214 cell 

line to directly recover ISAV from clinical specimens. Because this cell line has a split ratio 

of 1:4, it is useful for large scale preparations o f the virus, as in antigen production for use 

in vaccines or as a diagnostic reagent (Kibenge et al., 2000). Some ISAV isolates are 

however noncytopathic (Kibenge et al., 2000b) while others do not replicate in this cell line 

at all (Munir and Kibenge, 2004), thereby limiting its utility in virus isolation (Kibenge et 

al., 2000a). Moreover, for cytopathic strains, the CPE develops slowly, taking up to 17 days 

p.i. compared to 12 days p.i. in SHK-1 cells, and the virus yields are also lower (10'’-̂  to 10  ̂̂  

TClDjo/ml) than on the SHK-1 cell line (Kibenge et al., 2000a). Newer cell lines derived
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6om Atlantic salmon head kidney leukocytes such as TO (Wergerland & Jakobsen, 2001)

and ASK-2 (Devoid et a l, 2000; Rolland et al., 2003) cell lines develop more easily 

discernible CPE sooner (by 2-4 days p.i.) than SHK-1 and CHSE-214 cells, give higher virus 

yields (as high as 10® ’ TCID^/ml, Wergerland and Jakobsen 2001), and require simpler 

growth media. They still have low split ratios however, and do not recover virus from some 

ISAV RT-PCR positive samples (Kibenge et al., 2001a), indicating that the currently 

available fish cell lines are either not sensitive enough or not permissive for all ISAV strains 

(Kibenge et al., 2004). ISAV also replicates but is noncytopathic in Atlantic salmon (AS) 

(Sanchez et al., 1993; Sommer and Mermen, 1997) and rainbow trout gill (RTgill-Wl) cell 

lines (Bols et al., 1994; Falk et al., 1997). Virus replication can be detected by indirect 

fluorescent antibody test (IFAT), but the virus yield is very low; the maximum viral titer 

reported on tliese cells was 10̂  TCID^o/ml (Falk et al., 1997). Virus replication on FH-10, 

BB, EPC, and BF-2 cell lines has also been attempted, but these cell lines appear to be 

refractory to ISAV (Byrne et al., 1998; Falk et al., 1997).

The events involved in the replication of ISAV have not been fully explored, but the 

replication strategy of the virus seems to resemble that o f influenza viruses (Ho viand etal., 

1994; Falk et ah, 1997; Mjaaland et al., 1997; Sandvik et al., 2000; Eliassen et al., 2000; 

Snow et al., 2001a; Rimstad and Mjaaland 2002). The influenza viruses attach via their HA 

to host-cell receptors terminating in sialic acids (Zambon 2001). Haemagglutination assays 

with erythrocytes from several fish species and horse have indicated that ISAV uses its 

haemagglutinin to bind sialic acid receptors on the cell surface (Eliassen et al., 2000; Falk
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et al., 1997; Kristiansen et al., 2002). Structurally diverse as well as certain unique

sialoglycoproteins have been reported to occur in salmonid species (Iwasaki et al., 1990). 

Most recent studies showed that ISAV specifically binds to glycoproteins containing 4-0- 

acetylated sialic acids and it hydrolyzed ISAV receptors on horse and rabbit erythrocytes, 

indicating that 4-0-acetylated sialic acids represents a receptor determinant for ISAV 

(Hellebo et al., 2004).

Eliassen et al. (2000) have reported that the initial events in ISAV infection are similar to 

those of influenza virus infection (Flint et al., 2000; Portela and Digard 2002); they 

demonstrated the internalization of ISAV into the endosomes and low-pH-dependent fusion 

of the viral envelope with the endosomal membrane. In the case of influenza virus the 

acidification of endosome causes confoiinational change in HA, resulting in the fusion of 

endosomal and viral membrane. Two critical events occur on uncoating; firstly, acidification 

of the interior of the virion by M2-mediated channeling o f protons causes M l protein to 

dissociate from RNP. Secondly, the viral membrane fuses with the endosomal membrane via 

a low pH-triggered conformational change of the HA to release the RNP into the cytoplasm 

(Portela and Digard 2002).

Increase in the virus infectivity titer by the treatment o f ISAV with trypsin suggested that 

ISAV replication, similar to that of influenza viruses, may be dependent on the post- 

translational proteolytic activation of haemagglutinin protein (Falk et al., 1997; Kibenge et 

al., 2000; Rimstad and Mjaaland 2002). This is not absolutely essential as ISAV replicates
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e&ciently without trypsin treatment in cell cultures. In Influenza A viruses, amantadine

specifically inhibits the M2 ion channel activity and therefore, vRNPs are not released into 

the cytoplasm. In the case of ISAV, amantadine did not have any effect on viral replication 

(Falk et al., 1997). Once in the cytoplasm, RNPs migrate to the nucleus and enter through 

nuclear pores (Portela and Digard 2002). Transcription is activated in the nucleus and 

requires ‘cap-snatching,’ that is, excision of host caps to prime viral mRNA. Thus viral 

mRNAs possess a cap structure of host origin at their 5' termini and are polyadenylated at 

their 3' ends. The viral genomic segments are replicated and transcribed by the viral RNA 

dependent RNA polymerase associated with the RNPs. The viral RNA is directly transcribed 

to mRNA and, in addition, serves as a template for a complimentary copy (cRNA) which 

itself is the template for new viral RNA (Ludwig et al., 1999; Portela and Digard 2002).

In the late phase, the newly synthesized viral genome is packaged by the NP protein and the 

resulting RNPs are exported to the cytoplasm. NEP and M l proteins play important roles in 

the export o f the RNPs into the cytoplasm and then to the plasma membrane. N Sl protein 

functions as a regulatory factor in the virus infected cell. The NA, M2 and the precursor HA 

(HAO) proteins follow the exocytotic transport pathway from the endoplasmic reticulum via 

the Golgi complex and the trans Golgi net work. The mature HA and NA glycoproteins and 

the non glycosylated M2 are finally inserted into the plasma membrane as trimers (HA) or 

tetramers (NA, M2), respectively. M l assembles in patches at the cell membrane. It is 

thought to associate with the glycoproteins (HA and NA) and recruit the RNPs to the plasma 

membranes in the late phase of the replication cycle. Finally the RNPs become enveloped
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by a cellular bilipid layer carrying the HA, NA and M2 proteins resulting in budding of new

viras particles from the apical cell surface (Ludwig et al., 1999; Brown 2000). Although 

ISAV has been reported to be released by the budding process (Hovland et al., 1994) and HA 

and RDE activities have been demonstrated on ISAV particles, the exact mechanism 

involved in the trafficking of vRNPs and other proteins, assembly of progeny virions at the 

plasma membrane, maturation and exit of tire progeny virions, and role of viral proteins in 

each step o f the viral replication have yet to be investigated.

1.2 4.6. Host range of ISAV

ISAV is known to cause overt and fatal systemic infection in farmed Atlantic salmon 

(Nylund et al., 1994,1996; Dannevig et al., 1995a,b; Byrne et al., 1998; Rodger et al., 1998) 

and asymptomatic infection in feral fish (Raynard et al., 2001a), a situation analogous to 

avian influenza viruses in domestic poultry and feral birds (Kibenge et al., 2004). The 

clinical ISA disease can also occur in wild free-ranging Atlantic salmon, but these fish are 

less susceptible than the farmed Atlantic salmon either due to genetic variation in the two 

fishes or due to stress caused by management practices on the salmon farms (Nylund et al., 

1995b). ISAV may infect and replicate in sea trout, brown trout, rainbow trout, eels {Anguilla 

anguilla), herring (Clupea harengus), and Arctic char (Salvelinus alpinus) resulting in 

asymptomatic, probably life-long, carriers of the virus (Nylund et al., 1994; 1995b; 1997; 

2002; Nylund and Jakobsen, 1995; Rolland and Nylund, 1999; Snow et al., 2001b; Devoid 

et al., 2001). The Pacific salmonid species, chum {Oncorhynchus ketd), steelhead {O. 

mykiss), Chinook {O. tsawytscha), and coho {O. kisutch) were also found to be resistant to
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experimental infection with IS AV even with doses as high as 10̂  TCD^ml that induced 98%

mortality in Atlantic salmon (Rolland and Winton 2003). Although attempts to isolate the 

virus from some of these fishes have not been successful, the viral RNA can be detected by 

RT-PCR (Devoid et al., 2001; Raynard et al., 2001a; Snow et al., 2001b; Nylund et al.,

2002). Such subclinical infections in the wild fishery are considered to be the source of 

virulent strains that cause clinical disease in marine-farmed Atlantic salmon (Murray et al., 

2002^

MacLean et al. (2003) surveyed nearly 3,000 non-saknonid marine fishes including alewife 

(Alosa pseudoharengus), American eel {Anguilla rosti'ata), Atlantic herring, Atlantic 

mackerel (Scomber scombrus), Atlantic cod {Gadus morhua), haddock (Melanogrammus 

aeglefinus), Atlantic halibut (Hippoglossus hippoglossus). Pollock {Pollachius virens), 

American shad {Alosa sapidissima), and winter flounder {Pseudopleuronectes americanus). 

ISAV was detected only in pollock and cod collected from cages with ISA-diseased salmon. 

Pollock have been shown to be able to eliminate the virus within a week of experimental 

infection (Snow et al., 2002). It can be argued that fish species, other than Atlantic salmon, 

are naturally resistant to the clinical disease and/or that ISAV strains vary in virulence. 

However, it is more likely that the determinants for the host range oflSAV are multifactorial 

since Atlantic sahnon that recover from clinical ISA as well as subclinically infected trout 

and herring which are negative on virus isolation attempts (or RT-PCR, McAllister et al.,

2003) can transmit ISAV to healthy Atlantic salmon through cohabitation (Nylund and 

Jakobsen, 1995; Nylund et al., 1997, 2002; McAllister et al., 2003). ISAV does not infect
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humans or other mammals, since the virus is inactivated at pH below 4.5 (and human gastric

secretions are at pH 2.0), and does not replicate in-vitro at temperatures of 25° C or above 

(Falk et al., 1997), and it does not appear able to replicate in human cells (Anon. 2000b).

1.2.4.7. Pathogenesis of ISAV

Infectious salmon anemia is transmitted from fish to fish by contact with infected fish, parts 

of infected fish (mucus, blood, viscera, trimmings, muscle, feces), contact with equipment 

contaminated by infected fish, people who handled infected fish, fish products, contaminated 

equipment or have been on ISA-infected sites without adequate disinfection (Rolland and 

Nylund 1998). Sea lice {Lepeophtheims salmonis) can transmit ISAV from infected to 

susceptible fish (Nylund and Jacobsen 1995). The most probable portal o f entry for the virus 

into the fish is through the gills (Totland et al., 1996). Pillar cells o f the gills were the first 

place where the virus was found to appear after an i.p challenge (Totland et al., 1996). 

Considerable viral replication occurs within infected fish and the virus is widely 

disseminated throughout most tissues including mid-kidney, head kidney, liver, spleen, 

intestine, gills, muscle, and heart (Jones et al., 1999; Rimstad et al., 1999). By electron 

microscopy, budding of ISAV has been localized to endothelial cells o f blood vessels in 

several organs (Hovland et al., 1994; Nylund 1995). Therefore, endothelial cells may be the 

target cells for ISAV (Rimstad et al., 1999).

Infectious salmon anemia causes a severe anemia and haemorrhagic lesions in Atlantic 

salmon. Heamatocrit values o f less than 10 have been observed in moribund fish and a
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leucopenia seems to develop concomitantly with anemia (Thorud 1991). Infectivity ofkidney

and liver was present seven days post-infection while a decrease in haematocrit values was 

observed 14-18 days post-infection (Dannevig et al., 1994). Pathological changes of 

perisinusoidal interhepatocytic macrophages have been demonstrated by electron 

microscopical studies 4 days post-infection (Speilberg et ah, 1995). Thus, cells and tissues 

of Atlantic salmon are affected before clinical signs of ISA can be detected. Leucocytes 

isolated from the head kidney of ISA-infected salmon have been demonstrated to contain 

ISAV (Dannevig et ah, 1994). Studies have shown that changes occur in the leucocyte 

populations of the spleen and head kidney of Atlantic salmon early in the course of disease. 

The early and marked infectivity of head kidney leucocytes, their ability to support in-vitro 

propagation of ISAV and their abnormal distribution in-situ suggest that head kidney 

leucocytes are one of the target cells of ISAV (Falk et ah, 1995). In-situ hybridization 

studies also showed that ISAV targets endothelial cells, macrophage-like cells or 

mononuclear leucocytes in-vivo (Moneke et al., 2003).

Microscopic pathological changes are characterized by renal interstitial hemorrhage and 

tubular nephrosis, branchial lamellar and frlamental congestion, congestion of the intestine 

and pyloric caeca, and perivascular inflammation in the liver (Mullins et al., 1998; Rimstad 

et al., 1999). Clinical signs appear 2-4 weeks after the infection. Studies have shown that 

some fish may harbor the virus for many weeks before succumbing to ISAV-induced disease 

and that this may therefore be important in the dissemination o f the infection within a farm 

(Rimstad et al., 1999). At terminal stages of the disease, the gross pathologic changes of the
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disease include exophthalmia, leukopenia, ascites, congestion and enlargement of hver and

spleen, congestion in the intestinal mucosa, hemorrhagic liver necrosis, and petechiae in the 

visceral fat (Thorud and Djupvik 1988, Evensen et al., 1991; Hjeltnes et al., 1992; Olsen et 

al., 1992; Dannevig et al., 1993; Nylund et al., 1994). It has been shown that Atlantic salmon 

that recovered from a clinical infection can continue to shed virus for long periods of time, 

but detection of ISAV in carrier fish required the use of RT-PCR (Devoid et al., 2000) 

suggesting that the viral RNA is not abundant. The underlying cellular and molecular 

mechanisms of pathogenesis and persistence of ISAV in fish is not fully elucidated.

1.2.4.8, Immune response to ISAV infection

Little information is available on immune response to ISAV infection. Such information is 

important in understanding the pathogenesis of the disease and to develop efficient control 

strategies. Information fi-om commercial farms indicates that the fish that survive ISAV 

infection do not have an increased susceptibility to other viral or bacterial infections (Falk 

et al., 1995), suggesting that ISAV infection did not cause immunosuppression in infected 

fish. Further experimental infection also showed the resistance o f ISA survivors to 

reinfection (Falk et al., 1995). Protective immune response to ISAV has been demonstrated 

in experimentally infected fish as well as in vaccination trials (Dannevig et al., 1993; Jones 

et al., 1999; Brown et al., 2000). An increase in the proliferative response of head kidney 

leukocytes to T-cell mitogen phytohemagglutinin (PHA) was observed in Atlantic salmon 

one week post-infection (Dannevig et al., 1993). Later in the course o f infection either PHA 

or lipopolysaccharide (LPS) failed however to elicit any response in the head kidney
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leukocytes, indicatmg an impaired function of these cells (Dannevig et al., 1993). Signs of

macrophage activation, and increased number of immunoglobulin-positive cells were also 

observed in both spleen and kidney in the early stages of the infection (Falk et ak, 1995a). 

The ISA-induced changes in spleen and head kidney may also result from an activation of 

the immune system, as cells associated with the ellipsoids of the spleen show reactivity for 

immunoglobulin and complement factor C3, indicating immune complex trapping (Falk et 

al. 1995a).

The importance ofhumoral factors in the immune response to ISAV was demonstrated early 

by passive immunization studies (Falk et ak, 1995). Experimental infections demonstrated 

a protective immune response in Atlantic salmon against ISAV. This protective immune 

response does not however, provide full protection against the disease, since high mortality 

has usually been observed in both naturally and experimentally infected fish (Thorud 1991; 

Dannevig et ak, 1993; Falk et ak, 1995). In contrast to higher vertebrates, teleost fish have 

only two immunoglobulin (Ig) heavy chain isotypes: IgM and IgD (Hordvik 1998; Hordvik 

et ak, 1999). It has been suggested that different forms of fish IgM and its observed 

flexibility of structure may compensate for a lack o f immunoglobulin class diversity (Kaattari 

et al., 1998). Although previous studies reported increased resistance of Atlantic sahnon to 

ISAV upon re-infection or after passive immunization with serum from fish that had 

recovered from ISA (Falk and Dannevig 1995), or following vaccination with inactivated 

virus (Brown et ak, 2000; Jones et ak, 1999b), antibody levels in such fish were not 

determined. A recently developed ELISA system for detection o f ISAV antibody (Kibenge
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et al., 2002) showed that farmed fish presented two diSerent types of antibody responses to

ISAV. Naturally infected Atlantic salmon carrying ISAV that was detected by RT-PCR had 

a specific antibody response to ISAV suggestive of a recent infection. Those fish that were 

virus-negative by RT-PCR had an elevated non-specific antibody reactivity that may be 

suggestive o f chronic infection or resistance to ISAV. Sera from experimental fish collected 

up to 6 weeks after infection with ISAV did not show the elevated non-specific antibody 

reactivity (Kibenge et ah, 2002). Atlantic salmon antibody response to ISAV studied by 

Western blot analysis using Atlantic salmon anti-ISAV polyclonal sera showed that 

antibodies are produced mainly against the 72 kDa NP and 42 kDa haemagglutinin proteins 

of ISAV, suggesting that these proteins may be important antigens of ISA vaccines 

(Clouthier et ah, 2002).

Monoclonal antibodies are widely used for the antigenic analysis o f viral proteins. They 

provide information about the virus structure and the immunological defense mechanism 

against virus infection which could not otherwise be obtained (McCullough 1986).The 

discriminatory power of hybridoma antibodies make them ideal reagents for investigation 

of antigenic relationships between viral proteins. They can be used to determine what viral 

antigens are expressed on infected cell surfaces and to characterize the antigenic topology 

of viral proteins, which is essential for developing sensitive diagnostic tests and formulating 

efficacious vaccines (Yewdell and Gerhard 1981; McCullough 1986). A monoclonal 

antibody (IgGl isotype) designated 3H6F8 raised against ISAV was characterized (Falk et 

ah, 1998). Immunofluorescence staining showed that this mAh was directed against a
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cytoplasmic ISAV protein. This mAh showed a strong reaction with IF AT on ISAV infected

cell cultures, and with ELISA using lysed-infected cell cultures as antigen, but failed to react 

with ISAV polypeptides in Western blots, under both reducing and non-reducing conditions. 

Reaction was also not observed on formalin-fixed paraffin embedded tissue sections from 

diseased fish (Falk et al., 1998). Monoclonal antibody 3H6F8 has been shown to be 

haemagglutinin specific based on its neutralizing, heamagglutination inhibition activities, 

and reactivity to recombinant haemagglutinin expressed in baculovirus (Falk et al., 1998; 

Krossoy et al., 2001; Rimstad et al., 2001).

I.2.4.9. Diagnosis of ISAV

The laboratory diagnostic assays for ISA include histological examination (Evensen et al., 

1991; Falk et al., 1995; Speilberg et al., 1995; Byrne et al., 1998; McClure et al., 2003) 

and/or electron microscopy (Hovland et al., 1994) of fish tissues, the isolation of ISAV in 

SHK-1 (Dannevig et al. 1995a,b) and/or CHSE-214 cell lines (Bouchard et al. 1999; Kibenge 

et al. 2000a) and electron microscopic examination of a positive isolate, the use of RT-PCR 

(Mjaaland et al., 1997; Rimstad et al., 1999; Blake et al., 1999; Bouchard et al., 1999; 

Kibenge et al. 2000a, 2001b; Devoid et al. 2000; Mikalsen et al., 2001; Lovdal and Enger, 

2002), and IF AT on positive virus isolates or on tissue samples from suspected fish (Falk and 

Dannevig, 1995; Falk et al., 1998; Mjaaland et al., 1997; Blake et al., 1999; Bouchard et al., 

1999; Rimstad et al., 1999), and finally in-situ hybridization on tissue samples from 

suspected fish (Gregory, 2002; Moneke et al., 2003).
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Fish immimoglobiilins possess a similar range of serological activities to those shown by

mammalian immunoglobulins (Corbel 1975). In contrast to diagnostic tests for infectious 

diseases o f mammals and birds (Anon. 2000c), confirmation of exposure to a disease agent 

by detection of antibody to the agent is rarely, if  ever, used in aquatic animal disease 

diagnosis. Present limitations are due not only to difficulties with interpretation of serological 

test results (Hattenberger-Baudouy et al., 1995) but also to discrete features o f the humoral 

immune response in fish (Corbel 1975, Dorson 1981) such as a predominance of the IgM 

subtype (Marchalonis 1971) and absence of switch by B-lymphocytes to secretion of 

high-affmity binding antibodies (Wilson and Warr 1992). Fish serology [for example 

haemagglutination inhibition (HI), antibody ELISA, and VN] could be of importance for 

detecting asymptomatic virus carriers among fish stocks for various viral diseases, but is not 

yet validated, and no antibody detection test is yet approved by regulatory authorities. Thus, 

antibody detection tests are currently used in fish disease diagnosis only to supplement other 

diagnostic methods such as virus isolation by cell culture or RT-PCR (Kibenge et al., 2002). 

There remains a need for diagnostic approaches, other than direct detection o f the virus, for 

the assessment of fish populations relevant to infection with virus pathogens.

Recently, an indirect ELISA and indirect competitive ELISA that could detect ISAV-specific 

antibodies in the sera of infected and/or vaccinated fish have been described (Kibenge et al., 

2002). In addition, a one-tube real-time RT-PCR using LightCycler technology (Roche 

Applied Science) and SYBR Green chemistry that quantitatively detects ISAV in biological 

samples has been developed (Munir and Kibenge 2004). The result can be obtained in only
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80 minutes. The detection limit of the assay was 0.006 ng of ISAV RNA. This was 100 times

more sensitive than the conventional one-tube RT-PCR assay. The higher analytical 

sensitivity o f real-time RT-PCR is in part due to the computerized real-time detection of the 

amplification, since the detection of PCR products by gel electrophoresis shows no 

difference in sensitivity between real-time RT-PCR and conventional RT-PCR (Munir and 

Kibenge 2004). The real-time RT-PCR technique also has the potential to quantitate virus 

that replicates without production of CPE (i.e., noncytopathic virus) in cell cultures. None 

of these methods has yet been validated by reference authorities, such as the National 

Veterinary Services Laboratories in Ames, Iowa, USA (Merrill, 2003). According to the OIL, 

the presence of ISA is officially confirmed if any one of the following tliree criteria has been 

met: (i) clinical signs and postmortem findings of ISA together witli detection of ISAV by 

cell culture, IF AT, or RT-PCR; (ii) isolation and identification o f ISAV in two samples on 

separate occasions; and (iii) isolation and identification of ISAV from at least one sample 

with corroborating evidence of ISAV in tissue preparations from any fish on the farm by 

IFAT or PCR (Hastein 2003).

1.2.4.10. Control of ISAV

Various eradication programs have been established to control ISAV outbreaks (Mullins 

1998). It has been shown that virus is readily transmitted in sea water. Such dissemination 

increases the risk of contamination of culture facilities within 5-6 km of an infected site 

under conditions found in Norway (Jarp and Karlsen 1997). It is, therefore, recommended 

that culture sites must be spaced sufficiently apart and that wastewater from slaughter and
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processing facilities should be thoroughly disinfected (Jarp and Karlsen 1997). Further

contagion may be managed by control of ship and personnel movements among sites, 

destruction of infected fish groups, and fallowing o f contaminated sites, lodophore, 

chloramine-T, and chlorine dioxide have been shown to be effective topical disinfectant 

against ISAV (Cipriano 2002).

Vaccination against ISAV is considered to be a very important strategy in controlling the 

disease by protecting vulnerable stocks followed by eradication strategies. Increased survival 

of fresh-water-reared Atlantic salmon vaccinated with inactivated whole ISAV emulsified 

with mineral oil and then experimentally injected with ISAV has been reported (Jones et al., 

1999; Brown et al., 2000). This is the basis for current ISAV vaccines used in Canada. It has 

been shown however that the immunity engendered by these vaccines is neither 100 percent 

protective nor sterile (Kibenge et al., 2003). Currently, ISAV vaccination is only permitted 

in North America, but could also be used in Norway under specific conditions. Vaccine 

companies have, therefore, applied for permission to conduct clinical trials in Europe in 

accordance with ISAV contingency plans (Salonius et al., 2003). Sequence analysis of the 

ISAV haemagglutinin gene and cross-neutralization studies suggest that there is significant 

antigenic variation among ISAV isolates, and that ISAV vaccines would need to induce 

broadly neutralizing antibodies in order to protect under field conditions.
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1.3. Hypotheses and research objectives

ISAV is known to cause overt and fatal systemic infection in farmed Atlantic salmon 

(Nylund et al., 1994,1996; Dannevig et al., 1995a,b; Byrne et al., 1998; Rodger et al., 1998) 

and asymptomatic infection in feral fish (Raynard et al., 2001a). The immune response 

following ISAV infection does not provide full protection against the disease, since high 

mortality has usually been observed in both naturally and experimentally infected fish 

(Thorud 1991; Dannevig et al., 1993; Falk et al., 1995) and Atlantic salmon that recovered 

from a clinical infection can continue to shed virus for long periods of time. But detection 

of ISAV in carrier fish required the use of RT-PCR (Devoid et al., 2000) suggesting that the 

viral RNA is not abundant. Information is lacking on the host-pathogen interactions of this 

virus which is essential in understanding the mechanisms of pathogenesis and persistence of 

ISAV.

In Atlantic salmon, ISAV seems to target leucocytic cells (Falk et al., 1995) and endothelial 

cells (Falk & Dannevig 1995) or endothelial-associated cells (Falk et al., 2001) and 

macrophages (Moneke et al., 2003). In-vitro ISAV readily replicates in macrophage-like cell 

lines such as SHK-1, TO, and ASK-2 which are derived from the Atlantic salmon 

pronephros (Dannevig et al., 1995; Wergeland & Jakobsen 2001 ; Rolland et al., 2002). Some 

strains of ISAV can also replicate and cause CPE in CHSE -214 cell line (Bouchard et al., 

1999; Kibenge et al., 2000; Griffiths et al., 2001). These cell lines are distinctly different in 

their growth characteristics and they display characteristic viral-induced CPE (Kibenge et al., 

2001; Rolland et al., 2002). The mechanisms o f cell death and CPE caused by ISAV
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infection in cultured cells have not previously been studied. Information on how this virus

interacts with the host cell will provide a better understanding of the determinants of viral 

pathogenesis in its natural hosts.

Currently there is little basic information on how this virus interacts with the host defenses, 

which is an issue to be considered when planning potential vaccination strategies. 

Preliminary VN studies on ISAV using rabbit and fish polyclonal antisera to ISAV suggested 

an antibody-mediated internalization of the virus in SHK-1 and TO, which are macrophage­

like cell lines (Dr. Kibenge pers.comm). Total virus neutralization was observed in CHSE- 

214 cells, whereas both rabbit and fish sera neutralized the virus to a lesser degree in SHK-1 

and TO cells. Therefore, this thesis research was based on two hypotheses, (a) that ISAV 

persists in fish by causing a low level noncytocidal infection of macrophage-like cells and 

by inhibiting host antiviral responses; and (b) that fish macrophages are able to effectively 

internalize antibody-coated virus particles through Fc receptors as do mammalian 

macrophages, thereby allowing cellular penetration of antibody-coated ISAV and subsequent 

virus replication. A similar type of antibody-enhanced ISAV infection o f macrophages could 

occur in-vivo in the presence of sub-neutralizing antibodies. Such a non-beneficial and 

paradoxical infection via Fc receptors would further contribute to the pathogenicity and 

persistence o f IS AV in fish. The primary goal o f tlois thesis research was to investigate host- 

pathogen interactions of ISAV. Specific objectives of this study were to:
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1. Investigate the mechanisms of cell death during ISAV-infection of 6sh cell lines

2. Investigate antibody-mediated uptake and replication of ISAV by macrophage-like fish 

cell lines

3. Characterize selected monoclonal antibodies to ISAV
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2. General materials and methods

2.1. Viruses and cells

The selected strains of ISAV were propagated in CHSE-214, SHK-1 and TO cell lines. The 

IPNV strain FVX73 (ATCC) was propagated on CHSE-214 and TO cell lines. CHSE-214 

cells were grown at 16“C in HMEM [Eagle’s minimum essential medium containing Hank’s 

salts] (Invitrogen Life Technologies, Burlington, ON, Canada) supplemented with 1 x 

antibiotic-antimycotic solution (1000 units of penicillin G sodium, 1 mg of streptomycin 

sulphate, and 2.5 pg of amphotericin B) and 10% foetal bovine serum (FBS). The SHK-1 

cells were grown at room temperature (22° C) in Leiboviotz L-15 medium (Invitrogen Life 

Technologies, Burlington, ON, Canada) as previously described (Kibenge et al., 2000). The 

TO cells were propagated in HMEM (BioWhittaker Inc., Walkersville, Maryland, USA) 

supplemented with 292 pg ml ' L-glutamine (Sigma, Oakville, ON, Canada), 1% Non 

Essential Amino Acids (NEAA) (Sigma, Oakville, ON, Canada), 100 pg ml ' gentamicin 

(Sigma, Oakville, ON, Canada) and 10% FBS (Wegerland & Jakobsen, 2001). For 

maintenance medium for all cell lines, FBS was reduced to 5%. Virus titration was 

performed on cell monolayers in 48-well plates and the virus titer in each cell line was 

determined from end point CPE by using the procedure described by Reed and Muench 

(1938). The virus titer was expressed as median tissue culture infectious dose (TCID50) per 

100 pi.

2.2. Indirect Fluorescent Antibody Test (IFAT)

TO or SHK-1 cells were grown in slide flasks (Fisher, Ottawa, ON, Canada) (3 ml/flask).
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One-day old cell monolayers were infected with ISAV isolate NBISAOl. The slides with

infected and uninfected cells harvested at appropriate time intervals and fixed with fresh 4% 

paraformaldehyde prepared ini x PBS for 10 minutes at room temperature. Slides were 

washed twice with 1 x PBS and then the cells were permeabilized by adding 0.2% Triton X- 

100 in PBS for 5 minutes at room temperature. The slides were washed three times with

0.2% Triton X-100 in PBS and then incubated with the primary antibody for 1 lir at room 

temperature. Slides were again washed with 0.2% Triton X-100 in PBS and then incubated 

with FITC conjugate (1:32) for 20 minutes at room temperature. The slides were washed 

once and examined under a fluorescent microscope.

2.3. Polyclonal antibody preparations.

The preparation of rabbit polyclonal antisera to purified ISAV isolates RPC-980-049(l) and 

RPC-990-002(4) has been described (Kibenge et al., 2000). The Atlantic salmon sera 

consisted o f a pooled field sample collected from farmed fish in New Brunswick, Canada 

(Kibenge et al., 2002) and pooled serum collected fiom Atlantic salmon experimentally 

infected with ISAV strain NBISAO1. The rainbow trout serum was also collected from fish 

experimentally infected with ISAV strain NBISAOl. For the production of fish anti-ISAV 

sera, Atlantic salmon or rainbow trout were inoculated intraperitoneally with 10  ̂TCIDjo/0.2 

ml o f ISAV strain NBISAOl per fish, and kept in a freshwater tank at 10“ C for at least 84 

days. Normal rabbit serum, and sera from uninfected control rainbow trout and Atlantic 

salmon served as the negative control sera. Polyclonal rabbit anti-IPNV serum to IPNV strain 

FVX-8 used for the virus neutralization o f IPNV was kindly provided by Dr. Carmencita
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Yason (Regional Diagnostic Virology Services, Atlantic Veterinary College). All serum 

samples were heat-inactivated at 56 ° C for 30 minutes prior to use in order to destroy 

complement activity. This treatment also served to inactivate any ISAV (Falk et al., 1997) 

that might have contaminated the fish sera from prior infection.

2.4. Virus neutralization (VN) assay

The VN tests using the P method were carried out on 24-hour old cell monolayers in 48-well 

cell culture plates as previously described (Kibenge et ah, 2001), with only slight 

modifications. Briefly, 100 pi of serial 2-fold dilutions of serum followed by an equal 

volume of virus suspension containing 100 TCID50 of the virus were added to the cell 

monolayers drained of growth medium. The cell monolayers with the virus-antibody 

complex were incubated at room temperature for 1 hour before addition of 500 pi of fresh 

maintenance medium to each well. After a further 10 days incubation (14 days in case o f the 

CHSE-214 cell line) at 16“ C, cultures were examined microscopically for CPE to determine 

the VN test results. Virus neutralization titres were expressed as highest dilution o f serum 

to completely neutralize 100 TCIDjq of the virus.

2.5. Virus purification

Virus was purified on a Ficoll-400 (Amersham Pharmacia Biotech, Baie d’Urfe, QC, 

Canada) step gradient and a sucrose cushion as previously described (Kibenge et ah, 2000). 

For virus purification, infected cell culture harvests were clarified at 3000 x g for 30 minutes 

in a JA14 Beckman rotor. The cell pellet was saved and suspended in 1 x TNE (lOmMTris-
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HCl, O.lMNaCl, ImM EDTA pH 7.5) buSer. Virus was precipitated twice with ammonium

sulphate overnight. The virus precipitate was collected at 3000 x g and the pellets were 

resuspended in 1 x TNE buffer. The resuspended pellets were dialyzed against several 

changes of 1 x TNE buffer overnight. Virus suspension was layered on a Ficoll-400 

(Amersham Pharmecia Biotech) step gradient consisting of 10% and 25% (w/w) Ficoll TNE 

and centrifuged at 95,000 x g for 1 hour at 4° C in an SW40 rotor. The virus band was 

collected from the interface and resuspended in 1 x TNE. Virus was then purified on a 30% 

sucrose cushion by centrifuging at 145,000 x g for Ihour at 4° C in an SW40 rotor. The virus 

band was collected and dialyzed against 1 x PBS overnight at 4° C.
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Chapter 3

Mechanism of cell death during infectious salmon anaemia virus infection

of fish cell lines*

* Joseph, T., Cepica, A., Brown, L., Ikede, B.O., and Kibenge, F.S.B. 2004. The mechanism 

of cell death during infectious salmon anaemia virus (ISAV) infection is cell-type specific. 

Journal o f  General Virology. In Press.
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3.1. Summary

The damage caused by the viruses during replication in the host cells is known as CPE. Two 

general pathways which are known to cause viral CPE are apoptosis and necrosis. In this 

study, permissive fish cell lines SHK-1, CHSE-214, and TO were used to determine iflSAV - 

induced CPE is due to apoptosis or necrosis. Characteristic apoptotic DNA fragmentation 

was observed only in ISAV-infected SHK-1 and CHSE-214 cells. The apoptosis in ISAV- 

infected SHK-1 cells was confirmed by a fragment end-labeling assay suggesting that CPE 

in these cells is associated with apoptosis. ISAV-infected TO cells did not undergo apoptosis 

but showed leakage of high mobility group 1 (HM GBl) protein from the nucleus which is 

characteristic of cells undergoing necrosis. ISAV-infected SHK-1 cells did not show leakage 

of HMGBl protein. Infection with two different strains of ISAV showed that the induction 

of apoptosis correlated with the appearance of CPE in SHK-1 cells. The ISAV-induced 

apoptosis was inhibited by a pan-caspase inliibitor Z-VAD-frnk indicating it is caspase 

dependent. The ISAV putative PB2 protein and translation products of RNA segment 7 

specifically bound caspase-8 in-vitro suggesting that these viral proteins may have a role in 

the ISAV-induced apoptosis. These findings demonstrate for the first time that the 

mechanism of cell death during ISAV infection is dependent on the cell type, which may 

have implications for ISAV pathogenesis and persistence.
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3.2. Introduction

Infectious salmon anaemia virus is known to cause overt and fatal systemic infection in 

farmed Atlantic salmon and asymptomatic infection in feral fish, a situation analogous to 

avian influenza viruses in domestic poultry and feral birds (reviewed by Kibenge et al., 

2004). ISAV may infect and replicate in sea trout, brown trout, rainbow trout, eels, herring, 

and Arctic char, resulting in asymptomatic, probably life-long, carriers of the virus (reviewed 

by Kibenge et al., 2004). The mechanisms of pathogenesis and persistence of ISAV have not 

been studied well at the molecular level. In Atlantic salmon, ISAV seems to target leucocytic 

cells (Falk et al., 1995) and endothelial cells (Falk & Dannevig 1995) or endothelial- 

associated cells (Falk et al., 2001) and macrophages (Moneke et al., 2003). Permissive fish 

cell lines for ISAV include SHK-1 cells (Dannevig et ah, 1995), TO cells (Wergeland & 

Jakobsen 2001), and ASK-2 cells (Rolland et al., 2002) which are macrophage-like cell lines 

(Dannevig et al., 1997; Wegerland & Jakobsen 2001; Rolland et al., 2002) in which virus 

replicates with production of CPE. Although all three cell lines are derived from the Atlantic 

salmon pronephros, they are distinctly different in their growth characteristics (media 

requirements, split ratio, cell composition), and they display distinctly different viral-induced 

CPE (Rolland et al., 2002; Kibenge et al., 2001). Some strains o f ISAV can also replicate and 

cause CPE in CHSE -214 cell line (Bouchard et al., 1999; Kibenge et al., 2000; Griffiths et 

al., 2001). Virus replication also occurs in AS cell line (Sanchez et al., 1993) and Rtgill-Wl 

cell line (Bols et al., 1994) but in these later two cases, the virus is non-cytopathic.

The two pathways which are known to cause CPE and eukaryotic cell death during virus
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infection m-vrvo are apoptosis and necrosis. Moiphological characteristics of necrosis

include swelling and rapid cell degradation, disruption and loss o f plasma membrane 

integrity accompanied by extensive cytoplasmic vacuolation (Gourdie, 1985). Necrosis is 

also characterized by the release of high mobility group 1 (HMGBl) protein, a chromatin- 

binding factor, from necrotic cells and the release of HMGB1 protein triggers inflammatory 

reactions that result in extensive tissue damage (Scaffidi et ah, 2002). In contrast, apoptosis 

is an energy-dependent, tightly regulated process of cell death that occurs in response to 

either receptor-mediated (Fas, TNRF-1, DR3, DR4, and DR5) or non-receptor mediated (UV 

irradiation, DNA damage, granzymes) signals (Budiharjo et ah, 1999). Apoptosis progresses 

through a series of morphological and biochemical changes including cytoplasmic slirinlcage, 

clrromatin condensation and intranucleosomal cleavage, phosphatidylserine exposure, plasma 

membrane blebbing, and cell fragmentation into apoptotic bodies that are phagocytosed by 

macrophages or other surrounding cells without provoking an inflammatory response (White, 

1996; Vaux & Strasser 1996; O’Brien 1998; Bowen-Pope & Schaub 2001; Hay & 

Kannourakis 2002; Watanabe et ah, 2002). Most, if  not all, of these changes are effected by 

members o f a family of cysteine proteases called caspases. Caspases include initiator 

caspases such as caspase-8 and -9 which cleave and activate other caspases, and effector 

caspase such as caspase-3, -6, and -7 which cleave a variety of cellular substrates, thereby 

disassembling cellular structures or inactivating enzymes within the nucleus of the affected 

cell (Thomberry & Lazebnik 1998; Watanabe et ah, 2002).

A critical step o f viral pathogenesis is the ability o f a virus to inhibit host antiviral responses
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through the inhibition ofhost gene expression and/or by interfering with the programmed cell

death or apoptosis. Apoptosis of virus-infected cells can be due to virus-induced inhibition 

of host gene expression or due to the antiviral response of the host. Influenza A virus is 

known to induce apoptosis both in-vivo and in-vitro at the latest stages of infection, involving 

NA, M l, N S l, and PB1-F2 proteins (Zhirnov et al., 2002a, 2002b; Lowy 2003). TheN Sl 

protein o f influenza virus may also have an interferon dependent anti-apoptotic potential 

(Zhirnov et al., 2002b). As the role of apoptosis in ISAV pathogenesis has not been studied, 

examination of ISAV-induced apoptosis may provide a clearer picture of the cellular 

mechanisms of viral persistence and pathogenesis in ISAV infection. This study investigated 

the mechanism of cell death during ISAV infection of fish cell lines.

3.3. Material and methods

3.3.1. Chromosomal DNA fragmentation assay for apoptosis

Each well of a six well tissue culture plate (Costar, Corning, NY, USA) was seeded with 

three milliliters of growth medium containing approximately 1.5x10^ cells/ml. Twenty four 

hour-old cell monolayers of TO, SHK-1, and CHSE-214 cells were infected with 1:10 

dilution of the stock virus, ISAV isolate NBISAO1, at an m.o.i of 10 in maintenance medium 

as described in section 2.1. Infected and uninfected control cells were harvested at 6,12, and 

18 hours and 1 ,2 ,3 ,4 , 5, and 6 days for TO cells and SHK-1 cells; and 1,3, 5 ,7 ,9 ,1 1 , and 

13 days post infection for CHSE-214 cells. In a repeat experiment, SHK-1 and TO cells 

infected with a less virulent strain oflSAV, isolate U5575-1, were harvested at 12 hours, and 

at day 1, 2, 3,4, 5, 6, and 7 post infection. The duration of infection studied in each cell line
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and virus were based on the development o f CPE, determined in previous studies (Kibenge

et al., 2000, 2001). In order to isolate cellular DNA the cell monolayer was washed two 

times with 1 x PBS at the end of each incubation time. The cells were then lysed with 500 

[il of lysis buffer (50 mM Tris-HCl, pH 8, lOmMEDTA, 0.5% Sarlcosyl, to which 0.5 mg/ml 

Proteinase K is added before use) (Hong et ah, 1999). The cells from two wells were pooled 

for each sample and then digested at 50°C for three hours. The cell digest was extracted once 

with an equal volume o f phenol-chloroform-isoamyl (25:24:1) and once with chloroform- 

isoamyl. The aqueous phase was then precipitated with a 1/10 volume o f 3 M Na-Acetate 

(pH 5.2) and a two times volume of 100% ethanol at -80°C overnight. The DNA pellet was 

washed with 70% ethanol, vacuum dried for eight minutes and resuspended in 36 pi of dd 

water. Before loading on to the gel 4 pi of RNaseA (1:10 dilution) was added. Cellular DNA 

preparation was then electrophoresed in 1.8% agarose gels at 70 V for four hours. The gels 

were stained with ethidium bromide and photographed under UV transillumination.

3.3.2. Fragment end labeling assay for apoptosis

SHK-1 and TO cells were grown in slide flasks (Nunc, VWR). After 24 hours, the cell 

monolayer was infected with ISAV strain NBISAO 1 at an m.o.i o f 10 (section 2.1.). Slides 

with TO cells and SHK-1 cells were processed for fragment end labeling assay for apoptosis 

at 24 hours and 48 hours post-infection respectively. Cells were washed with 1 x PBS once 

before fixation with 4% paraformaldehyde for 10 minutes at room temperature. Fragment end 

labeling ofDNA and staining o f apoptotic cells were carried out using the TdT-FragEL DNA 

fragmentation detection kit (Oncogene, San Diego, CA, USA) according to manufacturer’s
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instructions. Briefly, terminal deoxynucleotidyl transferase (TdT) enzyme was used to add

biotin-labeled and unlabeled deoxynucleotides (dNTPs) to the exposed 3' -OH ends of the 

DNA fragments generated in response to apoptotic signals. Biotinylated nucleotides were 

detected using a streptavidin-horseradish peroxidase (HRP) conjugate. Diaminobenzidine 

was used to generate an insoluble coloured substrate at the site of DNA fragmentation. The 

slides were mounted before viewing with a light microscope.

3.3.3. Indirect fluorescent antibody test (IFAT) for necrosis

SHK-1 and TO cells were grown in slide flasks (Nunc, VWR). After 24 hours, the cell 

monolayer was infected with ISAV strain NBISAO 1 at an m.o.i o f 10. Slides with TO cells 

and SHK-1 cells were processed for IF AT for necrosis at 24 hours and 48 hours post 

infection respectively. The slides were fixed with ftesh 4% paraformaldehyde for 10 minutes 

at room temperature. Slides were washed twice with 1 x PBS and then the cells were 

permeabilized by adding 0.2% Triton X-100 in PBS for five minutes at room temperature. 

The slides were washed three times with 0.2% Triton X -100 in PBS and then incubated with 

1:50 dilution o f anti-HMGBl polyclonal IgG antibody (Abeam, Inc, Cambridge, MA, USA) 

for one hour at room temperature. Slides were again washed for five minutes with three 

changes o f 0.2% Triton X-IOO in PBS and then incubated with 1:40 dilution o f anti-rabbit 

IgG (whole molecule) FITC conjugate (Sigma, Oakville, ON, Canada) for 20 minutes at 

room temperature. The slides were washed as described above and examined under a 

fluorescent microscope. Intensity of fluorescent staining in the nucleus was assessed by spot 

densitometry using AlphaDigiDoc™ AD-1200 software in the AlphaEase Fc imaging system
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(Alpha Innotech Corporation, San Leandro, CA, USA). On the digital images of cells, two

dimensional areas were created around the nuclei and fluorescence intensity was obtained 

through the corresponding pixel intensity values which were expressed as integrated density 

value. Thus, intensity o f fluorescent staining in the nucleus o f 30 cells from three different 

fields (10 cells/field) was measured. The difference between the mean integrated density 

values from tire ISAV-infected and uninfected control cells was assessed using unpaired, 2- 

sample t-test.

3.3.4. Assay for caspase-3 activity

A colorimetric assay (Calbiochem, USA) was used to detect caspase-3-like activity in ISAV- 

infected cells. SHK-1 and TO cells were grown in growth medium at a concentration of 1 x 

10® cells/well in six-well tissue culture plates (Nunc, VWR). After 24 hours, the cell 

monolayer was infected with ISAV strain NBISAO 1 at an m.o.i o f 10 (section 2.1.). Infected 

cells and uninfected control cells were harvested at 6, and 12 hours and 1,2, 4, and 6 days 

post-infection. The cell monolayer was washed two times with IxPBS. The cells were 

trypsinized and then trypsin was neutralized with 1ml of growth medium. Cells were 

harvested by centrifugation at 1000 x g for 10 minutes, counted, and 1x10® cells were lysed 

with 50 pi of lysis buffer (Caspase-3 assay kit, Calbiochem, USA). The cell lysate was 

centrifuged at 10,000 x g  for 10 minutes and the supernatant was collected and immediately 

frozen at -80°C until used. ELISA for caspase-3 activity was performed according to the 

manufacturer’s instructions. ELISA using purified recombinant caspase-3 (Calbiochem, 

USA) served as the positive control.
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3.3.5. Treatment of ISAV-infected cells with caspase inhibitor

SHK-1 cells were grown in 3 ml of growth medium (1.5 x 10  ̂ cells/ml) in 6-well tissue 

culture plates. After 24 hours the confluent cell monolayers were treated with the cell 

permeable preparation of a pan-caspase inhibitor Z-VAD-fmk at a concentration o f 20 |iM 

for four hours. Control cells were treated with DMSO (used as diluent of Z-VAD-fmk). After 

replacing with fresh medium containing caspase inhibitor, cells were infected with ISAV 

strain NBISAO 1 at an moi of 10 (section 2.1.). Cells were harvested after 4 days of infection 

when there was more than 50% CPE. Cellular DNA was isolated from virus-infected cells 

in the presence and absence of caspase inhibitor, and from uninfected control cells treated 

with either caspase inhibitor or DMSO. Isolated DNA was analysed for apoptotic DNA 

fragmentation by agarose gel electrophoresis as previously described (section 3.3.1).

3.3.6. In teraction of ISAV proteins with cellular caspases

Polystyrene microtiter plates (Falcon Pro Bind Assay plates, VWR) were used to investigate 

the interaction of ISAV proteins with caspase-8 following the method described by Zhirnov 

et al. (2002a), with minor modifications. For the production of various proteins o f ISAV, 

open reading frames (ORFs) were amplified by RT-PCR and the PCR products were cloned 

into pCR®II vector having dual promoters, T7 and Sp6, in opposite orientation (Invitrogen 

Life Technologies, Burlington, ON, Canada). Plasmids were sequenced to check for correct 

orientation and to verify each viral cDNA sequence. Putative ISAV proteins were then 

produced by in-vitro transcription-translation reaction using the recombinant plasmids for the 

ten ISAV proteins and TNT™ T7/SP6 Coupled Reticulocyte Lysate System (TNT-RLS,
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Promega, CA, USA). Use of ^^S-methionine inthe zn-vzfro transcription-traiislationreaction 

enabled the analysis of putative ISAV proteins by SDS-PAGE and autoradiography (Kibenge 

et a l, 2004). For use in ELISA, non-radioactive complete amino acid mixture was added 

instead o f amino acid minus methionine and ^^S-methionine. The reaction components 

consisted o f 25 pi TNT rabbit reticulocyte lysate, 2 pi TNT reaction buffer, 1 pi TNT 

reaction T7 or SP6 RNA polymerase, 0.5 pi amino acid mixture minus methionine, 0.5 pi 

amino acid mixture minus leucine, 1 pi of ribonuclease inhibitor, 2 pi of pCR®II vector 

containing open reading frames of ten putative ISAV proteins, and 18 pi nuclease-free water 

to a total volume of 50 pi. The reaction mixture was incubated at 37“ C for 90 minutes. A 

non-related protein, luciferase also produced by similar in-vitro transcription-translation 

reaction, was used as negative control for putative ISAV proteins in ELISA.

For ELISA, each well of the microtiter plate was coated overnight with 15 pi o f the reaction 

product in 85 pi of ELISA coating buffer (0.2 M Bicarbonate buffer, pH 9.6) at 4° C. Three 

replicates were set up for each protein. The microtiter well surface was then saturated with 

3% goat serum prepared in 1 x T-PBS (Dulbecco’s phosphate buffered saline with 0.05% 

(v/v) Tween 20) for one hour at room temperature. The caspase-8 (BioVision, California, 

USA) solution at a concentration of 2 units/100 pi in 1 x T-PBS containing 1% goat serum 

was then added to each well on the plate (100 pl/well) and incubated at 15° C for two hours. 

Rabbit polyclonal anti caspase-8 antibody (BioVision, California, USA) at a concentration 

of 1 pg/ml in 1 X T-PBS containing 1% goat serum was then added (100 pl/well) and the 

microtiter plate was further incubated. The concentrations o f caspase-8 and anti-caspase-8
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antibody for use were determined in a preliminary experiment by checker-board titrations of

recombinant human caspase-8. The immune complex formed was detected by a reaction with 

secondary antibody conjugated to horseradish peroxidase (1:3000) (BioRad). Each step was 

separated by extensive washing using 1 x T-PBS. The substrate for horseradish peroxidase, 

ABTS (2,2'-azino-di-[3-ethylbezthiazoline-6-sulfonic acid]) (BioRad), was then added and 

the extent of the reaction was assessed by a colour intensity registered by an automated 

microtiter ELISA reader (SpectraMax™340) at 415 nm.

3.4. Results

3.4.1. Chromosomal DNA fragmentation assay for apoptosis

To determine whether cellular DNA of ISAV-infected cells undergoes fragmentation 

characteristic of apoptosis, DNA was isolated from SHK-1, CHSE-214, and TO cells at 

selected time-points after infection with ISAV and analyzed by gel electrophoresis. DNA 

fragmentation was observed in SHK-1 cells infected with ISAV strain NBISAO 1 beginning 

on day three post infection, and with ISAV strain U5575-1 beginning on day six post 

infection when CPE was apparent. The intensity of the DNA fragmentation increased 

(Fig.la) as the CPE increased. No DNA fragmentation was observed in uninfected SHK-1 

cells (Fig. lb). DNA fragmentation was also observed in CHSE-214 cells infected with 

NBISAO 1 beginning on day nine post infection which corresponded with the appearance of 

CPE. No DNA fragmentation was observed in uninfected CHSE-214 cells. CHSE-214 cells 

infected with U5575-1 did not show CPE or DNA fragmentation. No DNA fragmentation 

was observed in ISAV-infected and uninfected TO cells although the infected cells showed

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.1 . CPE induced by ISAV strain NBISAO 1 in various fish cell lines. Panels (a), (c), 

and (e) are 24 hour old uninfected TO, SHK-1, and CHSE-214 cell monolayers, respectively. 

Panels (b), (d), and (f) are TO, SHK-1, and CHSE-214 cells showing CPE caused by ISAV 

strain NBISAO 1 at 4, 6, and 12 days post infection, respectively.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



m
_ ;-:^ ' X...

Wf ^

Fig. 3.1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2. Agarose gel electrophoresis showing apoptosis in ISAV-infected cells, (a) SHK- 

1 cells infected with ISAV strain NBISAO 1 showing apoptotic DNA fragmentation. Lane 1 ; 

lkb+ DNA ladder, Lanes 2, 3, and 4: DNA isolated from ISAV-infected SHK-1 cells at 3, 

4, and 6 days post infection, (b) Uninfected SHK-1 cells. Lane 1 :lkb+ DNA ladder, Lanes 

2, 3, and 4: DNA isolated from uninfected control SHK-1 cells harvested at 3,4, and 6 days.
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CPE by day two with NBISAO 1 and by day four with U5575-1 which progressed to

completion by 5-7 days post infection.

3.4.2. Fragment end labeling assay for apoptosis

Consistent with the above results, fragment end labeling assay also revealed apoptotic 

staining in the nucleus of ISAV infected SHK-1 cells (Fig. 3.3 h i, b2, b3). Extensive 

condensation of nuclei (Fig. 3.3 b 1, b2, b3, arrows) was observed in the apoptotic cells when 

compared to that o f intact rounded nuclei o f uninfected cells (Fig. 3.3a). Using this assay 

apoptotic cells were detected in virus infected SHK-1 cells after 48 hours post-infection. No 

apoptotic staining was detected in either uninfected (Fig. 3.3c) or infected (Fig. 3.3d) TO 

cells.

3.4.3 Indirect fluorescent antibody test (IFAT) for necrosis

Previous studies have shown that HMGBl protein is a specific marker for necrotic cells, as 

this protein leaks out rapidly into the extracellular space when membrane integrity is lost 

during necrosis (Scaffidi et ah, 2002). Indirect fluorescent antibody test for HMGB 1 protein 

showed bright fluorescence only in the nuclei o f uninfected TO cells (Fig. 3.4a) whereas 

there was reduced fluorescence in the nuclei o f ISAV-infected TO cells (Fig. 3 .4b) indicative 

of HMGB 1 protein leakage. Both uninfected (Fig. 3.4c) and ISAV-infected SHK-1 cells (Fig. 

3d) did not show leakage of HMGB 1 protein. Spot densitometry analysis showed that the 

reduction in fluorescence between ISAV-infected and uninfected TO cells was statistically 

significant (p-value = 0.018) (Fig. 3.5).
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Figure 3. 3. Fragment end labeling of chromosomal DNA in cells undergoing apoptosis. 

Panel (a) is uninfected SHK-1 cells (160 x) after TdT-FragEL staining. Panels (b l), (b2), and 

(b3) are ISAV strain NBISAO 1 infected SHK-1 cells (250 x) undergoing apoptosis at 48 hours 

p.i. showing TdT-FragEL staining in the nucleus (arrows). Panel (c ) is uninfected TO cells 

(160 x). Panel (d) is ISAV strain NBISAO 1 infected TO cells (160 x) (24 hours p.i) after 

TdT-FragEL staining.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a

b2

f '  . bl

b3

Fig. 3.3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3. 4. Release o f HMGBl protein during ISAV infection. Release of HMGBl protein 

during ISAV infection, (a) Uninfected TO cells (250 x) showing nuclear localization of 

HMGBl protein, (b) ISAV-infected TO cells (250 x) showing reduced fluorescent staining 

in the nucleus at 24 hours post infection, (c) Uninfected SHK-1 cells (250 x) showing nuclear 

localization of HMGBl protein, (d) ISAV-infected SHK-1 cells (250 x) (48 hours post 

infection) undergoing apoptosis and showing nuclear localization o f the HMGBl protein.
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Figure 3 .5 . Quantitation of nuclear fluorescence of TO and SHK-1 cells following IF AT for 

HMGB-1 protein using spot densitometry. Fluorescence intensity was obtained through the 

corresponding pixel intensity values and expressed as integrated density value. Significant 

reduction in the fluorescence intensity was observed in the nucleus of ISAV-infected TO cells 

(p-value = 0.018) as compared to uninfected TO cells. No significant difference (p-value =

0.597) was observed between the fluorescence intensity of ISAV-infected SHK-1 cells 

undergoing apoptosis and uninfected SHK-1 cells.
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There was no significant difference in the fluorescence observed between ISAV-infected and

uninfected SHK-1 cells (p-value = 0.597) (Fig. 3.5).

3.4.4. Assay for caspase-3 activity

Caspase-3 is a central player in apoptosis regulation and its activity is often measured to 

determine the impact of a given apoptotic stimulus (Watanabe et al., 2002). Therefore a 

colorimetric assay was performed in order to determine caspase-3-like proteolytic activity in 

ISAV-infected SHK-1 and TO cells using a commercial kit (Calbiochem). No caspase-3- 

like activity was detected in either infected or control SHK-1 and TO cells.

3.4.5. Treatment of ISAV-infected cells with caspase inhibitor

In order to rule out involvement of other caspases in ISAV-induced apoptosis, a cell- 

permeable preparation of a pan-caspase inhibitor, Z-VAD-fmk, was used to determine if it 

could inhibit the induction of apoptosis in ISAV-infected SHK-1 cells. Use of pan-caspase 

inliibitor Z-VAD-fmk at a concentration of 20 pM inhibited apoptosis as well as CPE in 

ISAV-infected SHK-1 cells.

3.4.6. Interaction of ISAV proteins with cellular caspases

In order to establish if  any of the ISAV proteins could interact with the caspase activation 

pathway, the eight RNA genomic segments of ISAV were expressed in-vitro with rabbit 

reticulocyte lysates and the products tested for binding with caspase-8, an upstream initiator 

caspase. Only three o f the ten putative proteins o f ISAV tested bound caspase-8. A specific.
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strong positive signal was observed with the RNA segment 7 0RF2 product, and a weaker

positive signal was observed with both RNA segment 7 ORFl product and ISAV putative 

PB2 protein (Table 3.1).

3.5. Discussion

Viruses are capable of killing cells by necrosis or apoptosis during infection. The significance 

of virus-induced apoptosis is however not fully understood. In some cases the apoptotic cell 

death concomitantly brings on an abortion of the progeny virus production, suggesting that 

virus-induced apoptosis can have some role in the host defense mechanism against virus 

infection (Clem & Miller, 1994). Viruses can activate the apoptotic pathway by the direct 

action of specific viral proteins (eg. adenovirus E l A protein) (Roulston et ah, 1999). Effects 

on cellular functions such as shutting down of protein synthesis or activation of pro-apoptotic 

proteins (e.g., up regulation of Fas in influenza virus infection) can also lead to apoptosis 

during virus infection (Balachandran et al., 2000). In some disease states, apoptosis occurs 

only in those cells that are infected with the virus (Lewis et al., 1996), whereas in other cases 

a virus-infected cell could cause apoptosis in an adjacent rminfected cell by a number of 

mechanisms including secretion of factors that activate the death program (Hardwick & 

Griffin 1997). A recent study by Chu & Ng (2003) documented that West Nile virus, can kill 

Vero cells by either apoptosis or necrosis, depending on the initial infectious dose.

In this study, the mechanism of cell death during ISAV infection was investigated using DNA 

fragmentation assay, fragment end labelling assay and a colorimetric assay for caspase 3-like

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.1. Comparison of binding o f caspase-8 by ISAV proteins

Protein used to coat ELISA 

microtiter plate

Optical density readings" Interpretation

Active recombinant human caspase-8 0.709 Positive control

ISAV eene segment fORF')

1 0.0327 ±0.05 weak

7 (ORE 1) 0.0607 ±0.05 weak

7 (ORF 2) 0.1010 ±0.09 strong

“Mean OD readings after subtracting the mean OD of the negative control ± the standard error 
to the mean. 3% goat serum and luciferase were used as negative controls for caspase-8 and 
ISAY proteins which were expressed from the 10 ORFs in the 8 RNA segments of ISAV, 
respectively.
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activity. In order to determine if  CPE caused by ISAV is associated with apoptosis, three

different permissive fish cell lines TO, SHK-1, and CHSE-214, were infected and analyzed 

for the fragmentation of cellular DNA that results in a characteristic “DNA ladder” when cells 

undergo apoptosis. During apoptosis, endonucleases are activated which cleave the DNA into 

fragments at sites between the nucleosomes, resulting in a ladder of evenly spaced DNA 

fragments o f approximately 200 bp on an agarose gel (Collins et al., 1997). In necrosis, the 

DNA fragments are randomly cleaved and dispersed rather than concentrated in membrane- 

bound packages (Watanabe et al., 2002). The DNA fragmentation assay showed that ISAV 

strain NBISAO 1 induced apoptosis in SHK-1 cells at three days post-infection (Fig. 3. 2a) 

whereas a less virulent ISAV strain, isolate U5575-1, induced apoptosis by six days post­

infection. ISAV strain NBISAO I which replicates in CHSE-214 cells with production of CPE 

(Fig. 3.1) (Kibenge et ah, 2000) also induced apoptosis in infected CHSE-214 cells beginning 

at nine days post-infection.

Apoptotic DNA fragmentation in SHK-1 cells was also confirmed using fragment end 

labeling assay (Fig. 3. 3). In this technique terminal transferase enzyme is used to add labeled 

nucleotides (labeled dNTPs are used in fragment end labeling assay and labeled dUTP is used 

in TUNEL assay) to the 3' end of DNA fragments. The nucleotides were labeled witli probes 

to permit detection by colorimetric assay (Gavieli et ah, 1992). Using fragment end labeling 

assay, apoptotic cells were detected in ISAV infected SHK-1 cells at 48 hours post-infection 

(Fig. 3. 2a). In both SHK-1 and CHSE-214 cell lines, the intensity o f DNA fragmentation 

increased as CPE progressed. This indicates that the CPE in these cells was due to virus-
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induced apoptosis.

The absence of DNA fragmentation in ISAV-infected TO cells which developed complete 

CPE indicated that ISAV may kill TO cells by necrosis. In order to confirm this, the release 

of HMGBl protein was studied. HMGB 1 protein is passively released only by necrotic or 

damaged cells when the membrane integrity is lost and the release of this protein triggers 

inflammatory reactions following necrosis (Scaffidi et al., 2002). Release ofHMGB 1 protein 

from the nucleus is used a specific marker for necrosis since cells undergoing apoptosis do 

not release HMGBl (Chu and Ng 2003; Scaffidi et al., 2002). Spot densitometry analyses 

showed a statistically significant reduction in the fluorescent staining ofHM GB-1 protein in 

the nucleus of ISAV-infected TO cells (p-value = 0.018) (Fig. 3.4b, Fig. 3.5). These 

observations suggest that necrosis was the predominant mechanism of cell death in ISAV- 

infected TO cells in contrast to ISAV-infected SHK-1 cells which died by apoptosis. The 

uninfected TO and SHK-1 cells as well as SHK-1 cells undergoing apoptosis during ISAV 

infection retained this protein in their nuclei (Fig. 3.4 a, c, and d). Brighter fluorescence 

known to occur in the nucleus o f cells undergoing apoptosis (Scaffidi et al., 2002), might have 

caused the slight but not statistically significant increase of fluorescence (p-value = 0.597; 

Fig. 3.5) in ISAV-infected SHK-1 cells. This observation further confirmed to us that ISAV 

induces apoptosis in SHK-1 cells and necrosis in TO cells.

Further investigation o f the ISAV-induced apoptosis revealed that it was not associated with

caspase-3-like activity. Caspase-3 is a cysteine protease activated in the terminal apoptosis
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cascade. It is sequestered in the cytoplasm as a zymogen in its inactive form and activated

when cleaved by other caspases. The caspase-3-like activity is often used as a quantitative 

measure o f  apoptosis. Since caspase-3 is part of the downstream effector caspases 

(Thomberry & Lazebnik 1998), its absence in ISAV-infected SHK-1 cells undergoing 

apoptosis could suggest that the apoptosis occurs independent of the caspase activation 

pathway. However, apoptosis in ISAV-infected SHK-1 cells could be blocked by a broad 

spectrum caspase inhibitor, Z-VAD-fmk. The tripeptide Z-VAD-fmk is an effective pan- 

caspase inliibitor (Leist & Jaattela 2001) which optimally inhibits caspase activity by fitting 

into the catalytic pocket o f all caspases and inliibits them by cross linldng the 

fluoromethylketone (fmk) group to the cysteine in the active site (Nicholson 1999). 

Alternatively, failure to detect caspase-3 could be because the caspase-3 assay reagents used 

were developed for use in mammalian cells and not fish cells. However, Guo et al. (2003) 

used a similar assay for caspase-3 like activity in sea bass (SB) cell lines and showed that 

activation of fish caspase-3 can be detected using assays developed for mammalian cells. Z- 

VAD-fmkhas also been successfully used to inhibit virus-induced apoptosis in other fish cell 

lines such as Grunt Fin (GF) cells (Imajoh et al., 2004). Therefore, these findings suggest that 

ISAV-induced apoptosis in SHK-1 cells occurs via the caspase activation pathway but may 

not involve activation o f caspase-3. Further studies showed that ISAV proteins, particularly 

the protein encoded by segment 7 0RF2, have the potential to specifically bind caspase-8 

which might have implications in ISAV-induced apoptosis.

The absence o f DNA fragmentation and release of HMGBl protein in ISAV-infected TO
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cells, which developed complete CPE, indicates that ISAV kills TO cells by necrosis and that

the apoptosis induced by ISAV is cell-type specific. The TO cell line consists of uniformly 

epithelial-like cells (Wergeland & Jakobsen 2001), whereas CHSE-214 cell line consists of 

fibroblast-like cells and the SHK-1 cell line contains at least two subpopulations of cells one 

of which is fibroblast-like (Rolland et al., 2002). Only the ISAV-infected SHK-1 and CHSE- 

214 cells developed apoptosis. Although it is possible that the CPE observed in-vitro may 

not be relevant to events in-vivo, it is generally accepted that the execution of either apoptosis 

or necrosis in virus-infected cell cultures reflects the in-vivo pathogenicity o f viruses (Hay

6  Kannourakis, 2002). Therefore it can be speculated that ISAV infection leads to total 

destruction of highly susceptible cells such as TO cells possibly by necrosis. Infection of 

such cell types in-vivo (for example leucocytes) may lead to inflammatory reactions due to 

the release o f HMGB 1 protein and subsequent immune response and this may explain the 

clinical disease and pathology during a natural infection. At tire same time, ISAV is capable 

of inducmg apoptosis in cells such as SHK-1 and CHSE-214 cells. Infection of such cell 

types in-vivo may cause no inflammatory reactions, resulting in subclinical disease and virus 

persistence during a natural infection.

This study also suggested that ISAV proteins, particularly the protein encoded by segment

7 0RF2, have the potential to specifically bind caspase-8 (Table 3.1). Further investigation 

however is needed to conclusively prove the interaction of ISAV proteins with cellular 

caspases. Identification of the cellular factors involved in ISAV-induced apoptosis might lead 

to a better understanding of the mechanisms of persistence and pathogenesis of ISAV
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infection m-vzvo.

In conclusion, this study has demonstrated for the first time that ISAV is capable of inducing 

apoptosis, and the apoptosis is cell-type specific since it occurred only in ISAV-infected 

SHK-1 and CHSE-214. Further studies showed that ISAV induced a necrotic type of cell 

death in TO cells. These findings suggest that the mechanism of cell death during ISAV 

infection is dependent on the cell type, which may be hnportant for the pathogenesis and 

persistence o f ISAV in Atlantic salmon.
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Chapter 4

Antibody-mediated growth of infectious salmon anaemia virus (ISAV) in 

macrophage-like fish cell lines*

* Joseph, T., Kibenge, M.J.T., and Kibenge, F.S.B. 2003. Antibody-mediated growth of 
infectious salmon anaemia virus in macrophage-like fish cell lines. Journal o f  General 
Mro/ogy. 84:1701-1710

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1. Summary

Protective immune response to ISAV has been previously demonstrated in experimentally 

infected fish as well as in vaccination trials, however, it does not provide full protection 

against the disease. There is limited information on how ISAV interacts with host defences, 

an issue to be considered when developing potential vaccination strategies. To study ISAV- 

antibody interactions, virus neutralization (VN) was performed on CHSE-214, SHK-1, and 

TO cell lines using three strains of ISAV and rabbit or fish anti-lS AV sera. Homologous VN 

titres of >1:1280 on CHSE-214 cells corresponded to only <1:80 on macrophage-like fish 

cell lines SHK-1 and TO despite using 1,000 and 2,000 times less virus, respectively. A 

similar assay using rabbit antiserum to infectious pancreatic necrosis virus (IPNV) provided 

a VN titre o f 1:10,260 against IPNV on both CHSE-214 and TO cells. The poor 

neutralization o f ISAV on TO cells was attributed to a possible Fc receptor mediated virus 

infectivity because: (1) neutralization by rabbit antiserum to ISAV was increased 48-fold in 

the presence o f staphylococcal Protein A, and (2) using FlTC-labeled virus and 

spectrofluorometry, a significant increase (p-value = 0.018) in fluorescence intensity of 

intracellular virus could be observed in assays of virus-antiserum mixtures in the absence of 

Protein A, compared to assays in the presence of Protein A. Neutralization of IS AV with fish 

antisera was observed only in CHSE-214 cells as Protein A could not restore the 

neutralization on TO cells. These findings demonstrate, for the first time, antibody-mediated 

infection of macrophage-like fish cell lines by ISAV, and thus have implications for ISA 

pathogenesis and vaccination as the virus in Atlantic salmon targets leucocytes, endothelial 

cells, and macrophages.
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4.2. Introduction

Importance ofhumoral factors in the immune response to ISAV was demonstrated by passive 

immimization studies (Falk et al., 1995). Experimental infections demonstrated an immune 

response in Atlantic salmon against ISAV. However, this immune response does not provide 

full protection against the disease, as high mortality has usually been observed in both 

naturally and experimentally infected fish (Thorud 1991; Dannevig et al., 1993; Falk et al., 

1995) and farmed Atlantic salmon that recover from clinical ISA continue to shed virus for 

long periods of time. Detection of ISAV in carrier fish required the use of reverse 

transcription-polymerase chain reaction (RT-PCR) (Devoid et ah, 2000), suggesting that the 

viral RNA is not abundant. However, such fish can transmit ISA to healthy Atlantic salmon 

upon co-habitation (Nylund et ah, 1997).

The mechanisms of viral persistence and pathogenesis in ISAV infection at the cellular level 

are not well understood. The phenomenon o f persistent viral infection in animals is unusual 

for orthomyxoviruses. There is no evidence ofpersistence of influenza virus genetic material 

in any mammalian or avian species. Influenza viruses are cleared from ducks in 

approximately seven days (Webster, 1999) although they can persist in carrier cultures 

(Urabe et ah, 1993). In Atlantic salmon, ISAV seems to target leucocytic cells (Falk et al., 

1995) and endothelial cells (Falk & Dannevig, 1995) or endothelial-associated cells (Falk et 

ah, 2001), and macrophages (Moneke et al., 2003). In-vitro, ISAV readily replicates with 

production of CPE in SHK-1 cells (Dannevig et ah, 1995), TO cells (Wergeland & Jakobsen, 

2001), and ASK-2 cells (Rolland et ah, 2002) which are macrophage-like cell lines
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(Dannevig et al., 1997; Wegerland & Jakobsen, 2001; Rolland et al., 2002). Some strains o f

ISAV can also replicate and cause CPE in the CHSE -214 cell line (Bouchard et al., 1999; 

Kibenge et al., 2000; Griffiths et al., 2001).

It is known that macrophages of mammals and birds contain Fc receptors wliich enable 

internalization and digestion of virus particles coated with antibody (Mantovani et ah, 1972). 

Antibody-enlianced infection occurs when monocytes and macrophages are more efficiently 

infected by virus-antibody complexes viaFc receptor-mediated endocytosis, than virus alone 

(Porterfeild, 1986). A number ofhuman and animal viruses, belonging to at least 11 different 

virus families, have been shown to be capable of utilizing this mechanism for infection 

(Table 1.1). Many of these viruses demonstrating antibody-dependent enhancement in-vitro 

have also been associated with higher morbidity or mortality in cases of prior immunity 

(Sullivan et al., 2001). However, in the case of influenza virus, antibody-mediated 

internalization and growth of influenza A virus NWS (H lN l) has only been demonstrated 

in cultured murine macrophage-like cell line P388D1 in the presence of sub-neutralizing 

antiviral IgG (Ochiai et al., 1988). Although Fc receptors for fish IgM have been 

demonstrated on fish leukocytes (O’Dowd et al., 1998, Haynes et al., 1988), there is no report 

to date of Fc receptor-mediated infection o f macrophages by fish viruses.

Preliminary virus neutralization studies on ISAV (Dr. Kibenge pers. comm.) using rabbit and 

fish polyclonal antisera to ISAV, suggested an antibody-mediated internalization of the virus 

depending on the cell line used. Total virus neutralization was observed in CHSE-214 cells,
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whereas both rabbit and ûsh sera neutralized the virus to a lesser degree in SHK-1 and TO

(macrophage-like cell lines). Therefore, it is hypothesized that fish macrophages are able to 

effectively internalize antibody-coated virus particles tlirough Fc receptors as do mammalian 

macrophages, thereby allowing cellular penetration of antibody-coated ISAV and subsequent 

virus replication. This study investigated whether antiviral antibody enables the fish 

orthomyxovirus, ISAV, to infect the macrophage-like fish cell lines SHK-1 and TO.

4.3. Materials and methods

4.3.1. Viruses and cell cultures

Three different strains o f ISAV, NBISAOl, RPC-980-049(l), and RPC-990-002(4), were 

propagated in CHSE-214, SHK-1, and TO cell lines as described in section 2.1. Virus 

titration was performed in 24-hour old cell monolayers in 48-well plates and the virus titer 

in each cell line was determined from end point CPE by using the procedure described by 

Reed & Muench (1938). The virus titer was expressed as median tissue culture infectious 

dose (TCID50) per 100 pi.

4.3.2. Polyclonal antibody preparations

Rabbit polyclonal antisera to purified ISAV isolates RPC-980-049(l) andRPC-990-002(4), 

the Atlantic salmon sera, the rainbow trout serum, and polyclonal rabbit anti-lPNV serum 

to IPNV strain FVX-8 used for the virus neutralization of IPNV were obtained as described 

previously (section 2.3). Normal rabbit serum, and sera from uninfected control rainbow 

trout and Atlantic salmon served as the negative control sera. All serum samples were heat-
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inactivated at 56° C for 30 minutes prior to use in order to destroy complement activity. This

treatment also served to inactivate any ISAV (Falk et al., 1997) that might have contaminated 

the fish sera from prior infection.

4.3.3. Virus neutralization (VN) assay

The VN tests were carried out on 24-hour old cell monolayers in 48-well cell culture plates 

as previously described (section 2.4). Cultures were examined microscopically for CPE to 

determine the VN test results after 10 days o f incubation (14 days in case of the CHSE-214 

cell line) at 16° C.

4.3.4. Blocking of Fc receptors

The staphylococcal Protein A (Sigma) used was resuspended to a concentration of 1 mg/ml 

in sterile distilled deionized water. Parallel VN assays were conducted on TO cell 

monolayers using ISAV strain NBISAOl and rabbit or Atlantic salmon anti-lSAV sera in the 

presence or absence o f Protein A, as described by Olsen et al. (1992) with slight 

modifications. Briefly, Protein A was added to a final concentration o f200 pg/ml to the pre­

incubated virus-antiserum mixtures which were further incubated for one hour at room 

temperature. The virus-antiserum mixtures were made in media without FBS in order to 

avoid competition for Protein A binding. The TO cell monolayers in 48-well cell culture 

plates were inoculated with the virus-antibody-Protein A mixtures and incubated for an 

additional one hour at room temperature. The residual virus-antibody complexes were then 

removed and fresh maintenance medium was added. The cultures were then incubated and
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monitored as described for the VN assays above. Cells infected with virus in the presence 

or absence of Protein A served as controls.

4.3.5. Preparation of FITC-labeled ISAV

ISAV strain RPC-980-280-2 was propagated in TO cells and purified as described in section

2.5. Purified virus (600 pi) with a concentration of 0.5 mg viral protein/ml was reacted with 

an equal volume of 0.1 mg/ml fluoresceine isothiocyanate (FITC) dissolved in 0.5 M 

bicarbonate buffer (pH 9.5) for one hour at room temperature as previously described 

(Nichols et. al., 1992). Unconjugated dye was removed by passing the virus preparation 

through a Bio-Gel P-6DG (Bio Rad) column. The labeled virus was eluted using an equal 

volume of 1 X PBS and was then passed through a 0.45 pm syringe filter to eliminate virus 

aggregates. It was then stored at 4° C. For use, the labeled virus was divided into six equal 

volumes of 350 pi and each volume was used in the VN assay. A negative control for FITC 

labeled virus was prepared by replacing the purified virus with 1 x PBS in the labeling 

reaction.

4.3.6. Demonstration of antibody-mediated virus uptake using FITC-labeled ISAV 

TO cells (1.4 X lOVml) were grown in slide flasks (Fisher) (3 ml/flask) or six well tissue 

culture plates (Costar) (3 ml/well) overnight. Parallel VN assays were then set up using 

FITC-labeled ISAV, and rabbit anti-ISAV serum in presence and absence of staphylococcal 

Protein A. For this, 350 pi ofFlTC-labeled ISAV was incubated with equal amounts o f 1:640 

dilutions of the antiserum for one hour at room temperature. Preliminary experiments
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established that Protein A when used at a concentration o f200 pig/ml could completely block

the enhancing property of the rabbit anti-ISAV serum at a dilution of 1:640 in TO cells. 

Protein A was therefore, added to the virus-antibody mixture to a final concentration o f 200 

pg/ml and incubated for one hour at room temperature. The cell monolayers were then 

inoculated with the FITC-labeled ISAV-antiserum-protein A mixture and incubated for one 

hour at room temperature. TO cells inoculated with FITC-labeled ISAV alone were used as 

the positive control whereas TO cells inoculated with FITC and uninfected TO cells were 

used as the negative controls. All flasks and plates were incubated at 16° C for an additional 

three hours and were then analyzed using fluorescent microscopy or spectrofluorometry.

The slide flasks were processed for fluorescent microscopy by removing the inoculum from 

the flasks and washing the cell monolayers three times with 1 x PBS. The slides were then 

detached from the flasks and were fixed with 99% ethanol for 10 minutes at 4° C and air 

dried. The slides were analyzed using Fluoview 300 confocal laser scanning microscope 

(Olympus America Inc, USA) with a magnification of 400 x and Fluoview version 3.0 

software.

The six well tissue culture plates were processed for spectrofluorometry by removing the 

inoculum from the tissue culture plate and washing the cell monolayers with 1 x PBS. Cells 

were detached using trypsin and resuspended in one millilitre of growth medium containing 

10% FBS. Cells were pelleted at 500 x g for 10 minutes and resuspended ini x PBS. Fifty 

microliters o f cell suspension from each sample were placed in a single well of a Nunclon
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F microwell plate and used to measure the fluorescence intensity using SpectraMAX Gemini

XS spectrofluorometer (Molecular Divices Corporation, California, USA) at excitation of 

485 nm and emission of 538 nm. Each sample was tested in five replicates. Results were 

analyzed by one way-ANOVA with Minitab version 13.

4.4, Results

4,4,1, Comparison of virus neutralization oflSA V  on CHSE-214 cells and macrophage­

like cells

In preliminary experiments of VN assays with rabbit antisera to ISAV using the selected fish 

cell lines, it was consistently observed that the VN antibody titres in the SHK-1 cell line were 

very low and did not accurately reflect the antigenic relationships between different ISAV 

strains. Virus neutralization by homologous antiserum could be demonstrated in CHSE-214 

cells while the same virus-antibody mixtures showed little or no neutralization when tested 

in SHK-1 cells. Inoculation of SHK-1 cell monolayers with the virus-antibody mixtures 

resulted in CPE. Thus, meaningful virus neutralization data could not be obtained on the 

SHK-1 cell line. It was therefore decided to investigate whether macrophage-like fish cell 

lines are infected by antibody-bound ISAV, by setting up VN assays with both rabbit and fish 

polyclonal anti-ISAV antibodies using the same virus strains on three permissive fish cell 

lines as indicator systems.

The VN antibody titres obtained against three different ISAV strains on the three cell lines 

(CHSE-214, SHK-1, and T O) with four different ISAV antisera are summarized in Table 4.1.
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The rabbit and Atlantic salmon antisera showed higher VN antibody titres on the CHSE-214 

cell line than on SHK-1 and TO cell lines for the three different strains of ISAV used in the 

VN assay. In the most extreme case, rabbit anti-ISAV serum to ISAV strain RPC-990- 

002(4) had a homologous VN antibody titre of 1:4,800 on CHSE-214 cells but only 1:40 on 

SHK-1 cells and <1:10 on TO cells. With the Atlantic sahnon and rainbow trout anti-ISAV 

sera, virus neutralization was observed only on CHSE-214 cells.

4.4.2. Titration of 100 TCIDg/lOO gl of virus in different fish cell lines

The amount of virus used in the VN assay (100 TCED^/lOO gl) for each cell line was titrated 

on all three cell lines in order to rule out excessive amounts of virus as a cause of poor ISAV 

neutralization on SHK-1 and TO cells. Table 4.2 shows the results of these titrations. It is 

apparent that the 100 TCID^g o f the CHSE-214 cell system was 1,000 and 2,000 times more 

than that of the SHK-1 and TO cell systems, respectively. This is in contrast to the fact that 

the CHSE-214 cell system showed the highest VN antibody titres against ISAV. This 

indicates that the true VN antibody titres o f the rabbit and fish anti-ISAV sera used were 

higher than those detected with the CHSE-214 cell system.

In the course of this work it was determined that the SHK-1 cell line at higher passages 

became less susceptible to ISAV. Since the pattern of neutralization oflSAV was the same 

for fish and rabbit antisera on both TO and SHK-1 cell lines (Table 4.1), it was decided to 

use only TO cells and CHSE-214 cells in further investigations.
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Cell line and virus 
strain used in VN assay

Anti-ISAV serum“

(rabbit)
RPC-980-049(l)

(rabbit)
RPC-990-002(4)

(Rainbow trout) 
NBISAVOl

(Atlantic salmon) 
field serum

CHSE-214 cell line
NBISAVOl 960" 640 30 30
RPC-990-002(4) 2,560 4,800 40 40
RPC-980-049(l) >1,280 480 120 30

SHK-1 cell line
NBISAVOl 80 20 <10 <10
RPC-990-002(4) 80 40 <10 <10
RPC-980-049(l) 40 20 <10 <10

TO cell line
NBISAVOl 160 20 < 40 <10
RPC-990-002(4) 1,280 <10 < 4 0 <10
RPC-980-049(l) 80 <10 <40 <10

“Anti-ISAV serum raised in the laboratory to different strains o f ISAV, except Atlantic salmon serum which was a pool of field serum 
samples from a natural ISA outbreak in Atlantic salmon. Animal species are listed in brackets.
'’Virus neutralization titre, expressed as the highest dilution of serum to completely neutralize 100 TCID50 of the respective ISAV strain.
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Table 4.2. Titration of the 100 TCID;o of ISAV strain NBISAVOl used in virus 
neutralization assays in three different 5sh ceU lines

Cell line used 
in VN assay

Titration on cell line

CHSE-214 SHK-1 TO

CHSE-214 2.0' 5.0 5.3
SHK-1 <2.0 2.0 3.0
TO <2.0 2X) 2.0

“Virus titres measured by end-point CPE and expressed as logjo TCID50/IOO pi.
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4.4.3. Virus neutralization of IPNV in TO cells

In order to  determine whether effective virus neutralization is possible on TO cells, VN of 

IPNV on TO cells was compared to that on CHSE-214 cells using rabbit anti-IPNV serum. 

The IPNV was neutralized to the same degree (VN titre of 1:10,260) on both CHSE-214 and 

TO cell lines. This demonstrated that the poor neutralization of ISAV on TO cells was 

unique to ISAV.

4.4.4. Virus neutralization of ISAV in TO cells in presence of staphylococcal Protein A

In order to test the hypothesis that the poor neutralization o f ISAV by anti-ISAV sera on 

macrophage-like fish cell lines was due to Fc receptor-mediated uptake of antibody-coated 

virus particles by the cells, staphylococcal Protein A was used to block Fc receptors o f the 

antibody prior to use in the VN assays. Appropriate controls of virus neutralizations in the 

absence o f Protein A were also carried out. When Protein A was used in the VN assay with 

ISAV strain NBISAO1 on TO cells, an antibody titre of 1:960 was obtained with rabbit anti- 

ISAV serum compared to a titre of 1:20 on TO cells without Protein A (Table 4.3). This was 

a 48-fold increase in ISAV VN titre on TO cells, and a 1.5-fold increase compared to the one 

obtained on CHSE-214 cells (Table 4.1). Protein A by itself did not adversely affect the 

infectivity of ISAV. This finding indicated that virus neutralization o f ISAV on TO cells 

could be significantly increased by pre-treatment of the virus-antibody mixture with 

staphylococcal Protein A. Protein A did not however affect the VN titer on CHSE-214 cells 

(Table 4.3).
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Table 4.3. Neutralization of ISAV strain NBISAOl in the presence o f staphylococcal 
Protein A

Cell line

Anti-ISAV serum^

(rabbit)
RPC-990-002(4)

(Atlantic salmon) 
NBISAVOl

CHSE-214 cell line
hi the absence of Protein A 640'’ 60
In the presence of Protein A 640 60

TO cell line
In the absence of Protein A 20 <10
In the presence of Protein A 960 <10

"‘Anti-ISAV serum raised in the laboratory to different strains of ISAV. Animal species are 
listed in brackets.

‘’Virus neutralization titre, expressed as the highest dilution of serum to completely neutralize 
100 TCID50 o f ISAV strain NBISAOl.
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There was no virus neutralization observed when the rabbit anti-ISAV serum was used at

dilutions o f 1:40 to 1:320 on TO cells in the presence of Protein A, indicating that the 

binding effect of Protein A could be diluted out with higher antibody concentrations. In 

dilutions o f 1:640 to 1:1280, Protein A could completely block the antibody-mediated uptake 

of virus. A similar biphasic response was also reported for FTP virus-antibody-macrophage 

interactions (Stoddart, 1989). Protein A could not restore the neutralization oflSAV by fish 

antisera on TO cells even at higher concentrations (Table 4.3). This may be due to the low 

affinity o f Protein A to fish immunoglobulins (Bromage et al., 2004).

4.4.5. Demonstration of Fc receptor-mediated uptake of ISAV

In order to demonstrate that the ISAV uptake by macrophage-like cells in the presence of 

anti-ISAV serum was mediated by Fc receptors, the virus was purified and labelled with 

FITC, and intracellulai' virus was detected by two different methods, confocal laser scanning 

microscopy and spectrofluorometry. After inoculation, TO cells were incubated with FITC- 

labelled ISAV for four hours to allow the entry of the virus into the cells (Eliassen et al., 

2000). Confocal laser scanning microscopy showed an apparent increase in the fluorescence 

of TO cells infected with ISAV in the presence o f rabbit anti-ISAV serum (Fig. 4. lb) as 

compared to TO cells infected with virus alone (Fig. 4. la). The fluorescence was reduced 

when the experiment was carried out in the presence of Protein A (Fig. 4. Ic). No 

fluorescence was observed in uninfected TO cells (Fig. 4. Id). Analysis o f serial optical 

sections of the TO cell monolayer infected with labeled ISAV and rabbit anti-ISAV serum 

(Fig. 4. lb) with a depth increment o f 0.5 pm showed maximum fluorescence between 6 pm

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and 9 p,m (Fig. 4 . 2c and d). Because the thickness of cell membrane is only 7-10 nm, these

data suggested that most of the fluorescence was intracellular, i.e., most o f the labelled virus 

entered the cells in the presence of virus specific antibodies.

Fluorescence o f intracellular virus was also detected by spectrofluorometry. Analysis was 

performed four hours after the VN assays using FITC-labelled ISAV. For this, all the cells 

were detached from each well of a six well plate and resuspended in 1 x PBS in order to 

measure fluorescence intensity. Significant reduction in the fluorescence intensity was 

observed in TO cells infected with FITC-labelled ISAV treated with rabbit anti-ISAV serum 

and staphylococcal Protein A (Fig.4. 3. SI) as compared to TO cells infected with FITC- 

labelled ISAV treated with rabbit anti-ISAV serum in the absence of Protein A (Fig. 4.3. S2) 

(p-value = 0.018) or TO cells infected with FITC-labelled ISAV alone (Fig. 4.3. S3) (p-value 

= 0.0027). The difference observed between the fluorescence intensity o f TO cells infected 

with FITC-labelled ISAV treated with rabbit anti-ISAV serum in the absence of Protein A 

(Fig.4.3. S2) and TO cells infected with FITC-labelled ISAV alone (Fig.4.3. S3) was not 

statistically significant (p-value = 0.8190). Uninfected TO cells (Fig.4.3. C l) (negative 

control) and TO cells inoculated with FITC (Fig.4.3. C2) (negative control) did not show any 

significant level o f fluorescence. Viral entry into TO cells in presence o f the rabbit anti-ISAV 

serum was confirmed by fluorescent microscopy (Fig. 4.4). In this experiment, virus 

neutralization observed in the presence of Protein A is consistent with the results obtained 

in the VN assays and confocal microscopic analysis.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.1. Detection of intracellular virus by confocal laser scanning microscopy in TO 

cells infected with FITC-labeled ISAV (400x): (a) TO cells infected with FITC-labelled 

ISAV. (b) TO cells infected with FITC-labelled ISAV treated with 1:640 rabbit anti-ISAV 

serum, (c) TO cells infected with FITC-labelled ISAV treated with 1:640 rabbit anti-ISAV 

serum and staphylococcal Protein A. (d) Uninfected TO cells. An apparent increase in the 

fluorescence o f TO cells infected with ISAV in the presence of rabbit anti-ISAV serum (b) 

was observed as compared to TO cells infected with virus alone (a) showing that ISAV was 

not neutralized by rabbit antiserum due to Fc receptor-mediated uptake o f the antibody- 

coated virus. The fluorescence was reduced when the experiment was carried out in the 

presence o f Protein A (c) due to the blocking o f Fc receptor-mediated uptake o f the virus. 

No fluorescence was observed in uninfected TO cells (d).
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Fig. 4.1
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Figure 4.2. Confocal laser scanning microscopic analysis of serial optical sections o f the TO 

cell monolayer infected with labelled ISAV and rabbit anti-ISAV serum to ISAV strain RPC- 

990-002(4) (Fig. lb) with a depth increment o f 0.5 pm (400x): (a) 0 pm, (b) 3 pm, (c) 6 pm, 

(d) 9 pm, (e) 12 pm, and (f) 15 pm depth. Maximum fluorescence was observed between 

6 and 9 pm (c and d) suggesting that most o f the fluorescence was intracellular since the 

thickness o f the cell membrane is 7-10 nm.
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Fig. 4.2
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Figure 4.3. Detection of intracellular virus by fluorescence microplate reader in TO cells 

infected with FITC-labelled ISAV (Excitation: 485nm, Emission: 538nm): (C l) Uninfected 

TO cells (negative control). (C2) TO cells inoculated withFITC (negative control). (SI) TO 

cells infected with FITC-labelled ISAV exposed to rabbit antiserum and staphylococcal 

Protein A in order to block the Fc receptor-mediated uptake o f the virus. (S2) TO cells 

infected with FITC-labelled ISAV treated with rabbit antiserum. (S3) TO cells infected with 

FITC-labelled ISAV alone. Significant reduction in the fluorescence intensity was observed 

in (SI) as compared to (S2) (p-value = 0.018) and (S3) (p-value = 0.0027). No significant 

difference (p-value = 0.8190) was observed between the fluorescence intensity o f (S2) and 

(S3).
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Figure 4.4. TO cells showing intracellular fluorescence after four hours o f infection with 

FITC-labelled ISAV in the presence of 1:640 dilution of rabbit anti-ISAV serum (630 x).
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4.5. Discussion

This study investigated whether antiviral antibodies enable the fish orthomyxovirus, ISAV, 

to infect macrophage-like fish cell lines SHK-1 and TO. Inoculation of SHK-1 and TO cell 

monolayers with the virus-antibody mixtures constantly resulted in CPE. Thus meaningful 

VN data are difficult to obtain in these cell lines. Falk et al. (1998) reported that a 

monoclonal antibody 3H6F8 against ISAV neutralized virus in SHK-1 cells. In that study, 

the neutralization was based on fluorescent antibody staining o f the cells after incubation for 

3 days and the exact endpoint for VN could not be determined (Falk et al., 1998). Moreover, 

the ability of a monoclonal antibody to neutralize virus does not rule out the possibility o f 

polyclonal antiserum containing neutralizing and/or non-neutralizing antibodies that may 

mediate enhancement of virus infectivity.

In the present study, higher ISAV neutralizing antibody titres, as evidenced by complete 

absence o f CPE, were obtained in the CHSE-214 cell system than in the SHK-1 and TO cell 

systems with the same antiserum. The following three experiments were used to show that 

the poor neutralization of ISAV on macrophage-like fish cell lines is due to antibody- 

mediated growth of the virus: (1) titration of 100 TCID^/IOO pi of virus in different fish cell 

lines showed that the CHSE-214 cell system used 1,000 and 2,000 times more virus than the 

SHK-1 and TO cell systems, respectively, but showed higher VN titres. This indicated that 

the true VN antibody titres of the antisera used are higher than the titres obtained on CHSE- 

214 cells; (2) anti-lPNV serum neutralized IPNV to the same degree in both CHSE-214 and 

TO cells, indicating that the poor neutralization of ISAV on TO cells was unique to ISAV;
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and (3) virus neutralization of ISAV on TO cells was significantly increased in the presence

of staphylococcal Protein A. Since Protein A is known to bind the Fc moiety of 

immunoglobulins (Olsen et al., 1992, Stoddart 1989), the data support the conclusion that 

rabbit immunoglobulins could bind to receptors on TO cells (possibly Fc receptors) and that 

the poor virus neutralization of ISAV in TO and SHK-1 cells may be due to Fc receptor- 

mediated uptake and subsequent replication oflSAV in these macrophage-like fish cell lines.

FITC-labelled ISAV, confocal laser scanning microscopy (Figs 4.1 and 4.2), and 

spectrofluorometry (Figs 4.3 and 4.4) were then used to show that antibody-mediated entry 

of the virus into TO cells may occur via Fc receptors. Confocal laser scanning microscopy 

showed an apparent increase in the fluorescence of TO cells infected with ISAV in the 

presence o f rabbit anti-ISAV serum (Fig. 4. lb) as compared to TO cells infected with virus 

alone (Fig. 4. la), i.e., antiviral antibodies facilitated the entry o f virus into the cells. The 

fluorescence was reduced when the experiment was carried out in the presence o f Protein A 

(Fig. 4. Ic), i.e., antibody-mediated uptake of the virus was blocked by Protein A, thereby 

neutralizing the virus in macrophage-like fish cells.

In spectrofluorometry, significant reduction in the fluorescence intensity was observed in TO 

cells infected with FITC-labelled ISAV treated with rabbit anti-ISAV serum and 

staphylococcal Protein A (Fig.4.3. SI) as compared to TO cells infected with FITC-labelled 

ISAV treated with rabbit anti-ISAV serum in the absence of Protein A (Fig. 4. 3. S2) (p- 

value = 0.018) or TO cells infected with FITC-labelled ISAV alone (Fig. 4. 3. S3) (p-value
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= 0.0027). The difkrence observed between the fluorescence intensity of TO cells infected

with FITC-labelled ISAV treated with rabbit anti-ISAV serum in the absence of Protein A 

(Fig.4.3. 82) and TO cells infected with FITC-labelled ISAV alone (Fig.4.3. S3) was not 

statistically significant (p-value=0.8190). This observation further demonstrated that the use 

ofProtein A blocked the putative Fc receptor-mediated uptake o f antibody-coated ISAV and 

allowed virus neutralization by rabbit anti-ISAV serum.The two proposed mechanisms by 

which ISAV might infect fish macrophages, depending on the presence or absence o f 

antiviral antibody, are depicted in Figure 4.5.

Virus neutralization assay was used previously on ISAV in TO cells with rabbit anti-ISAV 

sera to study the antigenic relationships o f ISAV isolates (Kibenge et al., 2001b). In that 

study, the VN antibody titres obtained were sufficient to group the ISAV isolates into two 

main haemagglutinin subtypes. The TO cells were ideal for tliat study because all laiown 

ISAV isolates replicate and produce clearly discernible CPE in this cell line. In the present 

study, higher VN antibody titres were obtained in the VN assay with the CHSE-214 cell 

system whose 100 TCID50 had 2,000 times more virus than that of the TO cell system. The 

CHSE-214 cell line, however, also has the disadvantage of not showing CPE when 

inoculated with some ISAV isolates (for example the ISAV isolates from Norway and 

Scotland) (Kibenge et al., 2000), and the low virus yields of CPE-positive ISAV isolates in 

this cell line suggest that it might not be sensitive enough to detect poorly neutralized virus.
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Figure 4.5. Proposed mechanisms by which ISAV may infect fish macrophages, (a) Virus 

attachment followed by virus receptor-mediated endocytosis in all permissive cells (Eliassen 

et ah, 2000). (b) Virus hound by specific antibody followed by Fc receptor-mediated 

endocytosis in fish macrophages, (c) Virus neutralization in macrophage-like cell line TO 

in the presence of staphylococcal Protein A.
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AU three strains o f ISAV used in this study [NBISAVOl, RfC-980-049(l), and RPC-990-

002(4)] were cytopathic in the three fish cell lines (CHSE-214, SHK-1, and TO), and 

therefore the VN assays were easy to read microscopically.

Antibody-mediated growth of viruses is a well described phenomenon in mammals and birds 

(Sullivan et ah, 2001). However, this is the first report of antibody-dependent and possibly 

Fc receptor-mediated, infection of fish cells by a fish vims. This phenomenon was 

demonstrated with rabbit anti-ISAV sera in TO cells suggesting that tlris macrophage-like 

fish cell line may have Fc receptors for mammalian immunoglobulins. The possibility of this 

is supported by the fact that a mammalian homologue of FceRIy (Fc receptor for IgE) chain 

exists in carp (Fujiki et ah, 2000). In mammals, the existence of specific Fc receptors for five 

classes of immunoglobulins (FcaR, FcyR, FcôR, FceR, and FcpR) has been recognized 

(Gessner et ah, 1998). This study has shown that other mammalian Fc receptor homologues 

may also exist iu fish macrophages. Fc receptors for shark IgM have been demonstrated on 

shark leukocytes, and high levels o f immune complex receptors, possibly Fc receptors, have 

also been demonstrated on Atlantic salmon leukocytes (O’ Dowd et al., 1998; Haynes et ah, 

1988). A most recent study documented that teleost natural killer (NK)-like cells are armed 

with IgM via a putative FcpR that enables them to kill targets by ADCC mechanism (Shen 

et ah, 2003). In addition, there are three Expressed Sequence Tag (EST) sequences in the 

GenBank database, derived from teleost species, including Atlantic salmon, that have 

sequence similarity to mammalian Fc receptors (GenBank Accession numbers BG936360, 

AU050054 and BM425153). These pieces of evidence strongly suggest thatFc receptors are
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present in teleost fish. Although mammalian IgM and complement can also mediate

antibody-dependent enhanced virus infectivity via macrophage C3 receptors (Cardosa et al., 

1983), that mechanism was considered unlikely in the present study because we used heat- 

inactivated anti-ISAV sera and FBS.

Not even higher concentrations ofProtein A could restore the neutralization oflSAV by fish 

antisera on TO cells (Table 4.3). This might be due to poor binding o f Protein A to the 

immunoglobulins of Atlantic salmon (Bromage et al., 2004). An alternative hypothesis that 

could be derived from the data is that only a small proportion o f ISAY is able to infect 

CHSE-214 cells, and that it is an epitope that permits virus entry into CHSE-214 cells that 

is primarily seen and neutralized by rabbit antiserum. However, since the pattern of 

neutralization o f ISAV was the same for fish and rabbit antisera on the three cell lines (Table 

4.1), it is considered that poor neutralization of ISAV by fish antiserum on TO and SHK-1 

cells is also due to Fc-mediated enhancement o f infection. It is also possible that 

macrophage-like fish cell lines have different types of receptors which allow binding of fish 

or mammalian immunoglobulins. A previous study in fish described antibody-enhanced 

infectivity o f fish rhabdoviruses that did not appear to involve Fc or C3 receptors but an 

unknown mechanism (Clerx et al., 1978).

Several different approaches have been used in the past to conclusively demonstrate 

antibody-mediated internalization o f viruses in-vitro via Fc receptors including blocking with 

monoclonal anti-Fc receptor IgG and its Fab fragment (Peiris et al., 1981), with heat-
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aggregated IgG (Daughaday et al., 1981; Lewis et al., 1988) or by binding with

staphylococcal Protein A before inoculation (Ghanas et al., 1982). The high affinity of 

Protein A for the Fc moiety of the antibodies was elegantly exploited by Stoddart (1989) to 

demonstrate Fc receptor-mediated uptake ofFEP virus. In those studies, it was observed that 

Protein A dramatically reduced the level ofFIP virus infectivity in the presence of enhancing 

antibodies. This observation indicated that binding ofProtein A to Fc moiety could block the 

attachment o f antibody-coated virus to Fc receptors and inhibit the antibody-enhanced 

infection o f the virus (Olsen et al., 1992). Thus staphylococcal Protein A can be used to 

demonstrate Fc-mediated uptake of viruses as has been done in the present study.

Since ISAV in Atlantic salmon seems to target leucocytic cells, endothelial cells or 

endothelial-associated cells, and macrophages, it seems reasonable to speculate that Fc- 

mediated antibody-dependent enhancement o f ISAV infection may occur in-vivo. This would 

accelerate the disease process by efficiently and specifically delivering virus to the very target 

cells within which the virus replicates. Additionally, such an infection, if non-cytolytic, 

would facilitate viral persistence in fish infected with ISAV. Conceptually, such infection- 

enliancing antibodies may be more effective when neutralizing antibodies either are absent, 

such as following antigenic drift and shift of the virus, or are consumed by virus excess.

In conclusion, this study has demonstrated, for the first time, antibody-mediated uptake and 

replication o f ISAV, in macrophage-like fish cell lines SHK-1 and TO. Blockage o f this 

mode o f virus infection using Protein A suggests that this is an Fc-mediated infection o f
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cells. Experiments with pnriGed immunoglobulin Fc and Fab fragments are required to

definitively prove that the antibody-mediated uptake of ISAV in fish macrophage-like cells 

demonstrated here is mediated by Fc receptors. Systematic analysis o f ISAV proteins by 

using both neutralizing and non-neutralizing monoclonal antibodies will also be necessary 

to identify the ISAV epitopes responsible for this phenomenon. Studies are also necessary 

to test whether antibodies to ISAV could cause disease enliancement or not. Findings from 

these studies will help to develop ISAV vaccines that have substantial preventative value.
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Chapter 5

Characterization of selected monoclonal antibodies to ISAV
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S.l. Summary

The study described in Chapter 4 demonstrated an antibody dependent, possibly Fc-receptor 

mediated viral entry and replication of ISAV in macrophage-like fish cell lines. If so, it is 

important to identify epitope(s) that induce the production of such harmful antibodies. The 

present study characterized four selected mAbs specific to ISAV. All the mAbs reacted 

specifically with purified ISAV in indirect ELISA and with viral protein(s) in the cytoplasm 

of ISAV-infected TO cells in IF AT. Isotyping revealed that mAh 4A1I and 9 A7 were IgG j, 

mAh 2D3 was IgM, and mAh 2B3 was of mixed isotypes, IgG^b and IgM. None of the mAbs 

reacted with ISAV in Western blot analysis. High concentrations of mAbs 2D3 and 4AI1, 

representing IgM and IgG isotypes, respectively, neutralized ISAV strains NBISAOl and 

RPC-980-049(l) in TO cells. Lower concentrations of these mAbs however did not enhance 

the viral infection in macrophage-like fish cell line TO. This study also compared two 

different in-vitro mAh production systems and showed that the VectraCell bioreactor had a 

better mAh yield and was more cost-effective than the Integra CELLinelOOO membrane 

flask.
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5.2. Introduction

The ability of a virus to infect and replicate within the cells of the mononuclear phagocyte 

system can be a major factor in the pathogenesis of virus infection because mononuclear 

phagocytes can facilitate access o f viruses to susceptible tissues and organs, thereby 

hastening the infection process. Macrophages are one of the main target cells oflSAV in-vivo 

(Moneke et al., 2003). ISAV readily replicates with production of CPE in SHK-1 cells 

(Dannevig et al., 1995), TO cells (Wergeland & Jakobsen 2001), and ASK-2 cells (Rolland 

et al., 2002) which are macrophage-like cell lines (Dannevig et al., 1997; Wegerland & 

Jakobsen 2001; Rolland et al., 2003) derived from Atlantic salmon pronephros. The 

paradoxical ability o f antiviral antibody to enhance virus infection of Fc receptor-bearing 

cells o f mononuclear phagocyte system has been demonstrated across a wide range of virus 

families (reviewed in section 1.2.3).

Previous studies showed that meaningful virus neutralization data are difficult to obtain in 

ISAV -permissive, macrophage-like fish cell lines TO and SHK-1 because of a possible Fc 

receptor mediated antibody-dependent uptake and growth of ISAV in macrophage-like fish 

cell lines (Chapter 4). These studies also showed that antibody-mediated uptake and 

replication of ISAV occurs in the presence of both fish and mammalian antibodies in 

macrophage-like fish cell lines. Since the target cells oflSAV in Atlantic salmon include the 

cells o f the mononuclear phagocyte system it seems reasonable to speculate that Fc-mediated 

antibody-dependent enhancement of ISAV infection may occur in-vivo. In addition, ISAV 

demonstrates most o f the features that are common to viruses showing ADE of infection
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including their ability to (a) replicate in part, or exclusively in macrophages, (b) induce the

production o f large amounts of antibodies that poorly neutralize even homologous virus, and 

(c) cause persistent infection which are commonly characterized by viremia oflong duration. 

Antigenic diversity among different virus isolates is also a common feature o f these viruses, 

which renders them partially resistant to neutralization by antibodies raised against 

heterologous isolates (Falk et al., 1995; Nylundet al., 1997; Kibenge et al., 2003; Tirado and 

Yoon 2003). Therefore it is important to know which antibodies to ISAV can cause 

enhancement o f infection in macrophage-like fish cell lines. This would identify the viral 

epitopes responsible which then need to be excluded from ISAV vaccines. Enhancement of 

virus infection can be studied using antibodies from various sources including polyclonal 

antisera, mAbs, and antibodies purified from antisera, with mAbs providing the most 

sensitive means o f studying ADE (Halstead et al., 1984).

Monoclonal antibodies are widely used for the antigenic analysis of viral proteins. They 

provide information about the virus structure and the immunological defense mechanism 

against virus infection which could not otherwise be obtained (McCullough 1986). The 

discriminatory power of hybridoma antibodies make them ideal reagents for investigation 

of antigenic relationships between viral proteins. They can be used to study the antigenic 

topology of viral proteins, which is essential for developing sensitive diagnostic tests and 

formulating efficacious vaccines (Yewdell and Gerhard 1981; McCullough 1986). Studies 

using mAbs showed that ADE is dependent on the epitopes and is not solely the result o f the 

concentration of the virus specific antibodies (Halstead et al., 1984). Therefore mAbs can be
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used to identify the viral epitopes that induce enhancing antibodies as well.

A major limiting factor in understanding the structure and functions of ISAV proteins and 

their role in ISA pathogenesis is the apparent scarcity of mAbs targeting clinically relevant 

epitopes on different ISAV proteins. To date, there is only one report describing the 

preparation of one mAh (IgG, isotype) designated 3H6F8 against ISAV (Falk et al., 1998). 

Immunofluorescence staining showed that this mAh was directed against a cytoplasmic 

ISAV protein. This mAh showed a strong reaction with IF AT on ISAV infected cell cultures, 

and with ELISA using lysed-infected cell cultures as antigen, but failed to react with ISAV 

polypeptides in Western blots, under both reducing and non-reducing conditions. No reaction 

was observed on formalin-fixed paraffin embedded tissue sections fiom diseased fish as well 

(Falk et al., 1998). Monoclonal antibody 3H6F8 has been shovm to be specific for ISAV 

haemagglutinin protein, based on its neutralizing and heamagglutination-inliibition activities, 

and reactivity to recombinant haemagglutinin protein expressed in baculovirus (Falk et al., 

1998; Krossoy et al., 2001 ; Rimstad et al., 2001). The primary goal of the present study was 

to characterize a panel of mAbs specific to ISAV in search o f those that might enhance 

infectivity o f ISAV in macrophage-like fish cell lines.

S.3. Materials and Methods

5.3.1. Selection and propagation of hybridoma cells

Immunization o f BALB/c mice with ISAV strain RPC/NB 980-049-1 and fusion o f the 

splenocytes from immunized mice with SP2/0 BALB/c parental myeloma cells were
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performed by Immuno-Precise Antibodies Ltd. Victoria, BC. One-step selection and cloning

of the hybridomas was performed in Clonacell™-HY medium (Stemcell Technologies Inc., 

Vancouver, BC). Clones were picked 11 days post-fusion and resuspended in wells o f 96- 

well tissue culture plates in 200 gl of D-MEM (Invitogen) medium containing 1% 

hypoxanthine/thymidine (HAT), 20% fetal bovine serum (FBS), 2 mM GlutaMax I, 1 mM 

sodium pyruvate, 50 pg/ml gentamycin, 1% CPI and 0.6 ng/ml IL-6. After 4 days, the 

supernatants were screened by indirect ELISA for antibody activity. Subsequently ELISA 

was repeated for selected mAbs using purified preparations (100 pg/ml). For ELISA, 96-well 

microtiter plates (Falcon Pro Bind Assay plates, VWR) were coated with purified ISAV or 

FBS proteins or uninfected ASK-2 cellular proteins (1 pg/per well) in 100 pi of 0.2 M 

sodium bicarbonate buffer, pH 9.6, and incubated over night at 4° C. The plates were washed 

tliree times with 1 x PBS containing 0.05% (v/v) Tween-20 (T-PBS). Vacant sites were 

blocked with 3% normal goat serum in T-PBS (100 pl/well) for one hour at room 

temperature. Blocking medium was removed and plates were washed with T-PBS as before. 

One hundred microliters of hybridoma culture supernatant was added to each well and 

incubated the plates at 37° C for one hour. After washing with T-PBS, 100 pi of secondary 

antibody was added and incubated at 37° C for one hour. Culture supernatants fiom negative 

clones were used as negative controls. For the initial screening, goat anti-mouse IgG whole 

molecule conjugated to alkaline phosphatase (AP) (Sigma) was used at a dilution of 1:30,000 

in T-PBS containing 1% goat serum. For subsequent assays, ImmunoPure goat anti-mouse 

IgG Fc fiagment specific peroxidase (HRPO) conjugate (Pierce Biotechnology, Inc) was used 

for IgG mAbs at a dilution o f 1:25,000, and goat anti-mouse IgM (p-chain specific) AP
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coiyugate (Sigma) was used for IgM mAbs at a dilution o f 1:30,000 in T-PBS containing

1% goat serum. Plates were washed as before and substrates p-nitrophenyl phosphate 

(BioRad) was added for AP conjugates and TMB microwell peroxidase (BioFX laboratories, 

USA) substrate was added for HRPO conjugates. The plates with AP substrate were 

incubated at 37° C overnight and CD was read at 405 nm in an automated microtiter ELISA 

reader (Spectra Max 340). Plates with TMB peroxidase substrates were incubated at 37° C 

and the reaction was stopped after 20 minutes by adding 100 pi of 1 N HCl in each well and 

OD was read at 450 run. The initial screening was done in one replicate, but ELISA for 

selected mAbs was done in triplicate using purified mAbs at a concentration o f 100 pg/ml. 

OD readings oflSAV-positive mAbs were expressed as mean OD readings ± standard error 

of the mean after subtracting the mean OD readings of the negative control. Putative ISAV 

positive hybridomas were re-cloned by limited dilution cloning in 24-well and 12-well tissue 

culture plates to ensure monoclonality.

Selected hybridomas were grown using the VectraCell - single use bioreactor system 

(BioVectra-DCL, Charlottetown, PEI). The bioreactor consists o f a gas-permeable bag for 

cultivating cells in-vitro (Stang et al., 1997). The bioreactor was seeded with I L o f  GIBCO 

Hybridoma Serum Free Medium (SFM) containing 1x10® cells per ml at approximately 

90% viability. The bag was incubated at 37°C in a humidified incubator with 5% CO; 

atmosphere. Cells were counted every two days, and the medium containing the mAb was 

harvested when the viability reached 9% or less (approximately 2.5 to 3 weeks). The 

hybridoma producing mAb 4A11 was also grown using the INTEGRA cell culture device
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CELLine 1000 (INTEGRA Biosciences, Wallisellen, Switzerland). This device consists of

a membrane-based two-chamber flask where a 15 ml cell compartment is separated ftom an 

upper 1000 ml nutrient compartment by a 10 kDa molecular weight cut off membrane 

(Trebak et al., 1999; Marx, 1998). For use, the flask was seeded with 15 ml of cells at a 

concentration of 3 x 10  ̂ cells/ml in fresh complete growth medium. The nutrient 

compartment contained IL of growth medium without PBS (designated the nutrient 

medium). Three harvests were done over a two week period.

5.3.2. Determination of mAh isotypes

The class and subclass of the mAbs were determined using the ClonaCell instantCHECK 

One-Minute Isotyping kit (Stemcell Technologies Inc., Vancouver, BC) following the 

manufacturer’s instructions.

5.3.3. Concentration, purification, and quantitation of mAbs

The tissue culture supernatants from either T-75 cm^ flasks or VectraCell system, and the 

Integra CELLine 1000 membrane flask were simultaneously concentrated and purified by 

precipitation with PEG-8000 in potassium phosphate buffer, pH 7.0. The protein pellet was 

resuspended in 1 x PBS and dialyzed overnight in 80 x volume of 1 x PBS buffer with two 

buffer chamber changes at 4“ C. The protein concentration of the dialyzed antibody solution 

was then estimated from an OD reading taken at 280 nm in a spectrophotometer (1 ODjgonm 

= 0.69 mg/ml for mouse immunoglobulin), and the purified mAh was aliquoted prior to 

storage at -20° C until used. The purity of the mAbs was monitored before and after each
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precipitation step using 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and

protein bands were visualized by Coomassie blue R250.

5.3.4. Indirect fluorescent antibody test (IFAT)

One-day old monolayers of TO cells grown in slide flasks were infected with IS AV isolate 

NBISAOl. Slides were harvested when CPE developed and IF AT was carried out as 

described in section 2.2. Puiified mAbs (1 mg/ml) and anti-mouse IgG (whole molecule) 

FITC conjugate (1:32) were used as primary and secondary antibodies respectively. Culture 

supernatant from a negative clone and uninfected TO cells were used as negative controls. 

The slides were examined under a fluorescent microscope.

5.3.5. Western blotting

Purified and concentrated (by ultracentrifugation) ISAV were resolved on 12.5% 

discontinuous SDS-PAGF. Twelve and half microliters o f purified virus preparation was 

mixed with 12.5 pi o f SDS-sample treatment buffer (0.125 M Tris-HCl, pH 6.8, 4% SDS, 

20% glycerol, 0.002% bromophenol blue and 4% 2-mercaptoethanol just before use) and 

heated at 100°C for five minutes to denature the proteins before loading on to the SDS-PAGF 

gels. Electrophoresis was carried out at a constant current o f 30 mA until the Bromophenol 

Blue dye had run off the bottom of the gel. The gel was then visualized by Coomassie Blue 

staining. For Western blotting, the SDS-PAGF gel and nitrocellulose membrane were briefly 

soaked in transfer buffer (48 mM Tris base, 39 mM glycine 0.037 % SDS, 20% methanol). 

Proteins were then transferred from the gel to the membrane in the same buffer at 4° C by
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using atrans blot apparatus (Bio-Rad) for two hours at 0.65 mA/cm^(Sainbrook et al., 1998).

The transfer of the proteins was verified by the presence of Bench Mark prestained protein 

ladder (Invitrogen, Life Technologies) on the membrane. The membrane was rinsed several 

times with 1 x TBS (20 mM Tris-HCl, 500 mM NaCl, pH 7.5). Western blot assay was 

carried out using Amplified AP Immun-BIot kit (BioRad) according to manufacturer’s 

instructions. Briefly, the membrane was blocked with 5% non-fat dry milk in TBS at room 

temperature and then washed with 1 x TBS. For primary antibodies mAbs 2D3, 2B3,4A 11, 

and 9A7 were prepared in TTBS (20 mM Tris-HCl, 500 mM NaCl, 0.05% Tween-20, pH 

7.5) at a concentration of 100 pg/ml and rabbit anti-ISAV serum was used at 1:100 dilution. 

Primary antibodies were then reacted individually with the membranes for one hour at room 

temperature. After washing the membranes were reacted with biotin-streptavidin AP 

conjugate followed by signal detection by the colour development reagent provided by the 

manufacturer.

5.3.6. Assay for antibody dependent enhancement (ADE)

Monoclonal antibodies 2D3 and 4 A 11 were used as neat ( 1 mg/ml), and dilutions 1:10,1:10^, 

1:10\ and 1:10'* for ADE assay. In the preliminary assays, 100 pi of 100 TCIDjq of ISAV 

strain NBIS AO 1 was mixed with equal volume of mAb preparation and used to infect TO cell 

monolayer in one well of a 48-well cell culture plates (Nunc). Cell monolayers in three wells 

were infected for each dilution of the mAh. Tissue culture plates were incubated at room 

temperature for one hour before addition of 500 pi of fresh maintenance medium to each 

well. Controls were set up by infecting the cell monolayers with 100 pi of virus suspension
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containing lOOTCID^o alone. Cell monolayers along with the culture medium were harvested

for virus grown in the presence and absence o f mAbs at 24,48, and 72 hour post-infection. 

Total virus harvested from three wells for each sample was pooled and frozen at -80° C. The 

samples were thawed and virus titration was performed in monolayers of TO cells grown in 

48-well plates. The virus titre in each cell line was then determined from end point CPE by 

using the procedure described by Reed & Muench (1938). In subsequent assays, 100 

TCIDjg/l OOpl preparations of ISAV strains NBISAOl, RPC-980-049(l), andU5575-l were 

grown in the presence and absence of mAbs 2D3 and 4A11. Total virus was harvested at 48 

hours post- infection and processed as described before. The virus titre was determined and 

expressed asTCIDgg per 100 pi. The titer o f the virus grown in the presence and absence of 

mAbs were compared using logistic regression dose-response models (Finney 1978) for cell 

growth with doses measured on logarithmic scale. The hypothesis of equality of TCID50 

values in two dose-response series was tested by a likelihood-ratio test, and was considered 

statistically significant at p<=0.05.

5.4. Results

5.4.1. Selection and propagation of hybridoma clones

From the initial 900 clones that were picked into 96-well plates, 65 putative ISAV-positive 

hybridomas were expanded into 24-well plates prior to storage in liquid nitrogen. In a second 

screening using purified virus, uninfected ASK-2 cell lysate, and FBS proteins, four clones 

designated 4A11, 9A7,2D3, and 2B3 reacted exclusively with purified virus and were thus 

selected for further characterization. The ClonaCell instantCHECK One-Minute Isotyping
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kit was used to identify the class and subclass of these mAbs using hybridoma culture

supernatants. Monoclonal antibodies 4A11 and 9A7 were typed as IgG„ mAh 2D3 typed 

as IgM, and mAh 2B3 was of mixed isotypes IgGjb and IgM (Table 5.1).

For further characterization, selected hybridomas were expanded to 6-well tissue culture 

plates and then to T-75 cm^ flasks in regular growth medium. Hybridoma clones producing 

mAb 4A11, 9A7, and 2D3 were propagated using the IL VectraCell system (BioVectra- 

DCL). The hybridoma cells producing mAb 4A11 were also grown in the Integra CELLine 

1000 membrane flask (INTEGRA Biosciences) in order to compare the efficiency o f the two 

in-vitro mAb production systems. The VectraCell bioreactor had a better mAb yield and was 

more cost effective than the Integra CELLine 1000 membrane flask (Table 5.2). Monoclonal 

antibody 2B3 was only grown in T-75 cm^ flasks.

5.4.2. ÏFAT

Hie immunofluorescence staining patterns exhibited by the four mAbs on ISAV-infected cell 

cultures were investigated. All the mAbs exclusively stained virus antigen present in the 

cytoplasm of ISAV infected TO cells (Fig. 5.1). Monoclonal antibody 2D3 showed a strong 

reaction whereas the other thiee mAbs showed weak staining. Uninfected TO cell or virus- 

infected TO cells where culture supernatant from a negative clone was used as primary 

antibody did not show fluorescent staining (Fig. 5.1).
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Table 5.1. Monoclonal antibody properties

mAb Isotype ISAV antigen 
ELISA"

IFAT Western blot

4A11 IgG, 0.792±0.03 ISAV +ve " -ve

9A7 IgG, 0.448±0.03 ISAV +ve -ve

2D3 IgM 0.643±0.01 ISAV +ve -ve

2B3 IgM + IgG;y 0.646±0.15 ISAV +ve -ve

“ Mean OD readings±SE after subtracting the mean OD readings of negative controls 
+ve denotes positive; -ve denotes negative test results
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Table 5.2. Comparison o f two m-vzfro mAb production systems using ISAV mAb 4A11

Integra CELLine CL 1000“ VectraCell System''

Production time 13 days 24 days

Total media volume used 3.03 L LOL

Total volume mAb harvest 30 ml 1.0 L

Total volume concentrated 
and purified mAh

15 ml 50 ml

Purified mAh 
concentration

4.81mg/ml 4.79mg/ml

Total purified mAh yield 72.15mg 239.50mg

Cost for system 
disposables and culture 
medium per mAb

Can$283.91 Can$293.71

Production cost of purified 
mAb

Can$3.93/mg Can$ 1.23/mg

“INTEGRA Biosiences (Wallisellen, Switzerland) 

'’BIOVECTRA-DCL (Charlottetown, PEI, Canada)
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Figure 5.1. Indirect fluorescent antibody test (IFAT). Panels (a), (b), (c), and (d) are ISAV- 

infected TO cells showing fluorescent staining following IFAT using 2D3, 4A11 ,2B3, and 

9A7 respectively. Panel (e) represents that seen with uninfected TO cells or infected TO cells 

in which mAbs were replaced with supernatant from a negative clone.
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5.4 J .  Western blotting

SDS-PAGE following Coomassie Blue staining clearly showed only one (74 kDa band) o f 

the four major polypeptides of IS AV (Fig. 5 .2a). Western blot using rabbit anti-ISAV serum 

reacted however, with the four major polypeptides of ISAV (Fig. 5. 2b). Rabbit anti-ISAV 

serum also reacted with bovine serum albumin (BSA) which is a contaminant in the purified 

virus preparation. None o f the mAbs reacted with ISAV proteins in Western blot analysis.

5.4.4 Assay for antibody dependent enhancement (ADE)

One IgG (4A11) and one IgM (2D3) mAbs were further selected for ADE assay. Preliminary 

assays using ISAV strain NBIS AO 1 showed that samples harvested at 48 hours post-infection 

bad sufficient virus for quantitation by titration. The titer of the virus grown in the presence 

of mAbs was compared with the titer o f virus grown without mAbs in order to determine 

ADE. Statistical inference for the TCID50 values were obtained using logistic regression 

dose-response models (Finney 1978) for cell growth with doses measured on logarithmic 

scale. No increase in virus production was observed when virus was grown in the presence 

of mAbs 2D3 and 4AII  (Tables 5. 3 and 5. 4). A significant reduction in the virus titer was 

observed when ISAV strains NBISAOl (p-value = 0.03) and RPC-980-049(l) (p-value = 

0.00) were grown in the presence of mAb 2D3 (Table 5. 3) and RPC-980-049(l) (p-value = 

0.00) was grown in the presence of mAb 4A11 (Table 5. 4) at a concentration of I mg/ml 

(neat). Harvesting of ISAV strain U5575-I at 48 hour post-infection did not provide 

sufficient virus titer for statistical analysis.
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Figure 5.2. SDS-PAGE and Western blot, (a) SDS-PAGE of purified ISAV after Coomassie 

blue staining. Lane M:Bench Mark prestained protein ladder (Invitrogen, Life Technologies), 

Lane 1 : Purified ISAV. (b) Western blotting using rabbit anti-ISAV serum. Lane M: Bench 

Mark prestained protein ladder (Invitrogen, Life Technologies), Lane 1: Purified ISAV 

showing four major polypeptides and bovine serum albumin.
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Table 5.3. Titration of 100 TCID50/IOO pi o f different strains of ISAV grown in TO cells in the presence o f various dilutions of mAh 2D3 
and harvested after 48 hours post-infection

Virus titer

mAh dilution

100 TCIDgQ
Virus strains of the virus alone Neat 1:10 1:10^ 1:10" 1:10"

NBISAOl 4.16" 2.83 (0.03)" 3.83 (0.72) 3.5 (0.67) 3.83 (0.72) 3.5 (0.67)

RPC-980-049(l) 4.16 3.16(0.00) 3.83 (0.20) 3.5 (0.07) 3.85 (0.20) 3.83 (0.20)

U5575-1 0.83 0.50 0.50 0.50 0.83 1.16

'Virus titres measured by end-point CPE and expressed as log,o TCIDjg/lOO pi 

'’p- Values are shown in the brackets
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Table 5.4. Titration of 100 TCIDjg/lOO [il of different strains of ISAV grown in TO cells in the presence of various dilutions o f mAh 4A11 
and harvested after 48 hours post-infection

Virus titer

mAh dilution

100 TCID50 
Virus strains of the virus alone Neat 1:10 1:10^ 1:10^ 1:10''

NBISAOl 4.16" 3.16(0.07)" 4.16(0.86) 3.83 (0.72) 3.50 (0.28) 3.83 (0.59)

RPC-980-049(l) 4.16 2.83 (0.00) 3.83 (0.40) 3.50 (0.45) 3.83 (0.40) 4.16(0.99)

U5575-1 0.83 0.50 1.16 0.50 0.50 0.50

■ D
CD

I
C/)W
o'

“ Virus titres measured by end-point CPE and expressed as log,q TCIDjq/IOO pi 

*’p- Values are shown in the brackets
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5.5. Discussion

The main objective of this study was to characterize a panel of ISAV mAbs and use them to 

investigate whether antibodies to ISAV enhance infection in macrophage-like fish cell lines. 

In Chapter 4 it was demonstrated that both mammalian and fish antibodies can mediate 

uptake and replication o f ISAV in macrophage-like fish cell lines thereby abrogating virus 

neutralization in these cell lines, hi the present study, several hybridoma cell lines producing 

mAbs specific to different ISAV proteins were established. Isolation of hybridoma clones 

was carried out using one-step selection with Clonacell™-HY medium (Stemcell 

Technologies Inc., Vancouver, BC). This proprietary semi-solid medium has several 

advantages over standard hybridoma selection and cloning methods which allowed the 

isolation o f over 900 hybridoma clones from one fusion. Four hybridoma clones were 

identified that reacted specifically with purified ISAV antigen in ELISA (Table 5.1).

In IFAT, mAb 2D3 showed a very strong reaction with ISAV protein in the cytoplasm of 

virus-infected TO cells (Fig. 5.1a) whereas mAbs 411, 9A7, and 2B3 reacted weakly (Fig. 

5.1 b,c, and d). None o f the mAbs showed positive reaction in uninfected TO cells. Similarly 

culture supernatants from negative clones did not show positive reaction in ISAV infected 

TO cells in IFAT. This indicated that positive reactions showed by the mAbs in IFAT are 

specific to ISAV proteins. Since mAb 2D3 reacted very well with ISAV proteins both in 

ELISA and IFAT, it may be used for developing diagnostic assays.

None o f the mAbs reacted with ISAV proteins in Western blot analysis. Therefore, it was not
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possible to identify the viral proteins to which the mAbs were directed. In contrast, rabbit

anti-ISAV serum reacted with four major structural proteins of ISAV in the same Western 

blot analysis. This showed that the assay was carried out properly and there was sufficient 

amount o f  viral proteins present in the nitrocellulose membrane. It is possible that all these 

mAbs are directed to conformational epitopes on ISAV proteins which are altered in the 

denaturing conditions of SDS-PAGE. Analysis using non-denaturing gel or 2D gel 

electrophoresis and Western blotting might help to determine the target protein(s) of these 

mAbs.

Based on their reactions in ELISA and IFAT, one IgG (mAb 4A11 ) and one IgM (mAb 2D3) 

were selected to investigate ADE of ISAV infection in TO cells. In the preliminary 

experiments lOOTCIDjg/lOO pi of ISAV strain NBISAOl was grown in the presence of 

various concentrations of the mAb and the total virus was harvested at different time points 

post- infection. Titration of these samples showed that samples harvested at 48 hours post­

infection had sufficient virus for titration by end-point CPE in TO cells. Therefore, three 

different strains of ISAV, NBISAOl, RPC-980-049(l), and U5575-1 were used in the 

subsequent assay and samples were harvested at 48 hours post-infection. Titration of the 

samples in TO cells showed that mAbs 4A11 and 2D3 did not cause enhancement o f ISAV 

infection in TO cells. A significant reduction in the virus titer was observed when ISAV 

strains NBISAOl (p-value = 0.03) and RPC-980-049(l) (p-value = 0.00) were grown in the 

presence of mAh 2D3 (Table 5.3) and RPC-980-049(l) (p-value = 0.00) was grown in the 

presence of mAb 4A11 (Table 5.4) at a concentration o f 1 mg/ml (neat). This observation
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indicated that at this concentration these mAbs cause neutralization. At lower concentrations,

no significant difference was observed between the titer of virus grown in the presence and 

absence o f  mAbs (Table 5.3 and 5.4). This suggested that at these concentrations, antibodies 

do not have any effect on virus replication in TO cells. No statistical analysis could be done 

in the case of a less virulent ISAV strain U5575-1 since the sample harvested at 48 hours 

post-infection did not provide sufficient virus titer for statistical analysis.

Morens and Halstead (1990) proposed the following criteria in order to verify true ADE, (i) 

a statistically significant increase in the virus production as measured by quantitative assays 

at different time points on the one step growth curve, (ii) serial dilution of the pre-incubated 

antibody source must produce an ‘enhancement profile’ or rising, peaking, and declining 

production of infectious virions over at least a 10 -̂ fold dilution range, (iii) the dilution of 

the antibody source at which ADE is maximal must be related to its reactivity in other 

serological tests that measure envelope binding, (iv) ADE should be detected with different 

antibody sources and virus strains tested over a range of multiplicity o f infections, (v) other 

causes of increased virus production must be ruled out, including a stabilizing or stimulating 

effect o f the antibody source on the infected cell, prevention of thermal decay o f virus by 

antibody, and competition for cell receptors and antibodies by either non-infectious or 

soluble or membrane antigens in the virus stock. Therefore, further studies must be carried 

out using different mAbs and antisera from various sources in order to investigate ADE of 

ISAV infection.
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This study also compared two high cell density m-virro methods of producing mAbs, the

VectraCell bioreactor to the well established Integra CELLine flask. Such in-vitro methods 

are mouse-friendly (unlike the in-vivo ascites production) with high mAh yields that are free 

of murine protein contamination. By far, the VectraCell system resulted in the most mAb 

production, yielding 293.71 mg for the IL o f medium used. The Integra CELLine 1000 

membrane flask has been reported to produce 66 mg of mAb in two weeks (Trebak et al., 

1999). This is close to the 72.15 mg of mAb obtained with this system for the same duration 

in the present study. Thus the VectraCell bioreactor had a better mAb yield and was more 

cost effective than the Integra CELLine 1000 membrane flask. Cells are grown in higher 

densities in Integra CELLine 1000 membrane flasks. Therefore, significantly higher 

concentrations of mAb are obtained in a smaller volume, which minimizes downstream 

concentration steps.

In conclusion, four mAbs designated 4 A I1 ,9A 7,2D3 and 2B3, were characterized. All the 

mAbs specifically reacted with purified ISAV in an indirect ELISA. The indirect 

immunofluorescence antibody test on ISAV-infected TO cells showed that, mAbs 2D3, 

4A11, 9A7, and 2B3 target viral epitopes widely distributed in the cytoplasm. Western blot 

analysis showed that all the five mAbs are directed to conformational epitopes on ISAV 

protein(s). Monoclonal antibodies 2D3 and 4A11, representing IgM and IgG isotypes 

respectively, neutralized ISAV strain NBISAOl in TO cells when used at very high 

concentrations. Lower concentrations of these mAbs did not enhance the viral infection in 

macrophage-like fish cell line TO. Further experiments using mAbs targeting various
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proteins o f ISAV are required to identic proteins which mediate viral entry in macrophage-

like fish cell lines.
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Chapter 6

General discussion and future directions
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6.1. General Discussion

The interactions that occur between viral proteins and host factors, such as cellular proteins 

and signal transduction machinery, have a significant influence on the replication, 

persistence, and pathogenesis of all viruses (Lyles 2000). ISAV causes overt and fatal 

systemic infection in farmed Atlantic salmon (Byrne et al., 1998; Dannevig et al., 1995a,b; 

Nylund et al., 1994, 1996; Rodger et al., 1998) and asymptomatic infection in feral fish 

(Raynard et ah, 2001a). At the same time Atlantic salmon that recover from clinical ISA as 

well as subclinically infected trout and herring can transmit ISAV to healthy Atlantic salmon 

through cohabitation (Nylund and Jakobsen, 1995; Nylund et ah, 1997,2002; McAllister et 

ah, 2003). The mechanisms of pathogenesis and persistence of ISAV have not been 

adequately studied at the molecular level. It is important to know how this virus interacts 

with the host cell, in order to develop effective control strategies. This study analyzed the 

host-pathogen interactions of ISAV in-vitro using fish cell lines that are derived from the 

very target cells for ISAV in-vivo.

It is important to understand the nature of a viral infection in the individual host animal in 

order to understand infection in the whole host population. Similarly, understanding o f the 

nature o f infection in the individual cell is key to understanding infection in complex tissues, 

organs, and whole host animals (Murphy et al., 1999). The clinical symptoms o f viral disease 

in the host result primarily from the host response to infection. This response is initiated by 

cell injury caused by virus replication. Cell injury can result firom the direct effect o f virus 

replication on the cell or from the consequences of the host’s innate and adaptive immune
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response or 6om  both (Mnrphy et al., 1999). Infection of cultured cells by many viruses

results in visible changes in the cells collectively called CPE. Direct alteration of the cell by 

viral infection can clearly account for some of the changes observed during infection in 

animal host (Lyles 2000). Because virus-induced cytopathic effects are clearly relevant to 

viral pathogenesis, it is important to understand how viruses alter host cell structure and 

metabolism. Viruses can cause visible cell damage by apoptosis or necrosis.

The main purpose of this study was to investigate the mechanism of cell death during ISAV 

infection and the putative antibody mediated growth of ISAV in macrophage-like fish cell 

lines. In this study, permissive fish cell lines SHK-1, CHSE-214, and TO were used to 

determine if  ISAV-induced CPE is due to apoptosis or necrosis (Chapter 3). Induction of 

apoptosis in SHK-1 and CHSE-214 cells were demonstrated by DNA fragmentation assay 

(Fig. 3.2). Analysis of apoptosis induced by two strains oflSAV which differed in virulence 

showed that CPE in SHK-1 and CHSE-214 cells is caused by apoptosis and that cell type 

dependent induction of apoptosis is not vims strain specific. Apoptosis induced by ISAV in 

SHK-1 cells was also confirmed by fragment end labeling assay (Fig. 3.3). However TO cells 

did not show positive reaction either in DNA fragmentation or fragment end labeling assays. 

This indicated that ISAV may be inducing necrotic type o f cell death in TO cells. Recent 

studies have identified a marker for necrosis namely HMGB 1 protein. This group of proteins 

is a chromatin binding factor which will be leaked out of the nucleus during necrosis but not 

in apoptosis. Release of HMGB 1 protein results in the inflammatory reactions that follow 

necrotic type o f cell death (Scaffidi et al., 2002). Indirect fluorescent antibody test using anti-

194

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HMGB antibodies clearly showed the leakage of HMGB 1 protein &om the nucleus of virus

infected TO cells but not from infected SHK-1 cell (Fig. 3.4 and Fig. 3.5). These results 

demonstrated that the mechanism of cell death during ISAV infection is cell type dependent.

The biochemical events involved in the replication oflSAV have not been fully explored but 

the replication strategy of the virus seems to resemble that of influenza vimses (Hovland et 

al., 1994; Falk et al., 1997; Mjaaland et al., 1997; Sandvik et al., 2000; Eliassen et al., 2000; 

Snow et al., 2001a; Rimstad and Mjaaland 2002). It is well established that apoptosis is an 

important mechanism of cell death induced by influenza virus both in-vivo and in-vitro 

(Lowy 2003). Studies have also shown that caspases are involved in influenza virus 

replication, because treatment with caspase-3 inhibitors prevented the normal intracellular 

cleavage of NP protein during virus replication (Zhirnov et al., 1999) and that replication of 

Influenza A virus was strongly impaired when caspase-3 activity was blocked by a casapse- 

3 inhibitor or small interfering RNAs (Wurzer etal., 2003). Further studies on ISAV induced 

apoptosis showed that virus induced apoptosis may not be associated with activation of 

caspase-3. However, ISAV-induced apoptosis could be prevented by using a broad spectrum 

caspase inhibitor, Z-VAD-fmk, in SHK-1 cells. This finding suggests that ISAV-induced 

apoptosis in SHK-1 cells occurs via the caspase activation pathway. Specific binding of 

ISAV proteins, particularly the protein encoded by segment 7 0RF2, to caspase-8 (Table 

3.1) suggest that these proteins may have a role in the apoptosis induced by ISAV.

Since SHK-1 and TO cells are derived from the very target cells of ISAV, the in-vitro

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



observations may be a reflection of i/z-Wvo cell death during natural infection. It can be

speculated that necrosis of highly susceptible cells such as TO cells in-vivo may lead to 

inflammatory reactions which will result in clinical disease during natural infection. At the 

same time infection of cell types such as SHK-1 and CHSE-214 cells in-vivo may cause no 

inflammatory reactions, leading to subclinical disease and virus persistence. Therefore, the 

relevance o f this in-vitro observation must be investigated in-vivo.

Viruses that have the ability to persist within a host need to possess two fundamental 

characteristics. Firstly, they require the ability to co-exist over time with the host cells they 

infect, most often being non-cytolytic within such cells. Second, the virus must be able to 

evolve strategies tliat allow it to avoid recognition by the host’s immune system (Oldstone 

1998). In general, virus-specific antibodies play an important role in the control of virus 

infection in a number o f ways. In some instances the presence o f specific antibodies can be 

beneficial to the virus. In this case virus can utilize pre-existing antibodies, to bind to the Fc 

receptors on phagocytes in order to facilitate infection of their target cells. These viruses 

usually can replicate in the macrophages or monocytes, and may use them as reservoirs in 

order to reach other body tissues. Consequently, increased chance to infect target cells results 

in increased production o f viral progeny and often exacerbation o f the virus infection or ADE 

(Sullivan 2001). The common features shared by these viruses include preferential 

replication in macrophages, ability to establish persistent infection, and antigenic diversity. 

Previous studies have shown that ISAY exhibits most o f these characteristics.
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Preliminary virus neutralization studies in our laboratory showed that ISAV is poorly

neutralized in macrophage-like fish cell lines by anti-viral antibodies suggesting antibody- 

mediated growth of ISAV in these cell lines. In this study different methods were used to 

investigate antibody mediated growth of ISAV in macrophage-like fish cell lines. Virus 

neutralization using anti-ISAV sera from various sources consistently showed poor 

neutralization of ISAV in macrophage-like fish cell lines TO and SHK-1 as compared to 

CHSE-214 cells which used more virus than other two cell lines (Tables 4.1 and 4.2). 

Complete neutralization of IPNV in TO and CHSE-214 showed that poor neutralization is 

specific to ISAV in TO and SHK-1 cells. Together these data suggested that poor 

neutralization of ISAV is due to antibody mediated uptake and replication o f the virus in 

macrophage-like fish cell lines. Further studies using FITC-labeled ISAV and restoration of 

virus neutralization in TO cells using staphylococcal protein A indicated a possible Fc 

receptor mediated uptake of antibody-coated ISAV in TO cells. Taken together these data 

demonstrated that anti-viral antibodies of ISAV can mediate uptake and replication of the 

virus in macrophage-like fish cell lines possibly through Fc receptors.

Antibody enhanced internalization and growth of influenza A virus NWS (H lN l) has been 

demonstrated in the cultured murine macrophage-like cell line in the presence o f sub 

neutralizing antiviral IgG (Ochiai et al.,1988). Further studies have shown that HA and NA 

of Influenza A virus induce antibodies that enhance up take of viruses via Fc receptors in 

mammalian macrophage-like cell lines (Tamura et ah, 1991). There is also a study which 

reported exacerbation of clinical signs in pigs after challenge with Influenza A virus
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fbllowmg vaccination using a DNA construct expressing an influenza virus M2-nucleocapsid

fusion protein (Heinen et a l, 2002). Many viruses showing ADE in-vitro are also linked to 

enhanced infection in-vivo during natural infection (Sullivan 2001 ; Tirado and Yoon 2003). 

Since ISAV in Atlantic salmon seems to target leucocytic cells, endothelial cells or 

endothelial-associated cells, and macrophages it seems reasonable to speculate that Fc 

receptor-mediated antibody-dependent enhancement of ISAV infection may occur in-vivo, 

with numerous possible disastrous outcomes. For example, in primary infections it would 

accelerate the disease process by efficiently and specifically delivering virus to target cells, 

whereas in vaccinated fish, it would result in enhanced clinical infection and vaccination 

failure. The presence o f non-neutralizing antibodies capable of facilitating virus entry into 

macrophages or cells expressing Fc receptors may also contribute to persistence by creating 

a virus reservoir in macrophages.

A major limiting factor in understanding the role o f ISAV proteins in ISA pathogenesis is 

the apparent scarcity o f published or commercially available mAbs targeting clinically 

relevant epitopes on various viral proteins. In this study a panel of ISAV-specific mAbs were 

characterized (Chapter 5). The mAbs 4A11 and 9A7 were isotyped as IgG,, mAb 2D3 typed 

as IgM, and mAb 2B3 was of mixed isotypes IgG^y and IgM (Table 5.1). Based on their 

reactions in various tests (Table 5.1) mAbs 4A11 and 2D3 were further selected to 

investigate ISAV epitopes associated with antibody dependent enhancement of infection in 

macrophage-like fish cell line TO. No enhancement of infection was observed when 

TCIDjo/lOO pi virus was grown in the presence of varying concentration of the mAbs.
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Therefore, further studies are necessary to identify ISAV epitopes involved in antibody- 

enhanced infection o f ISAV in macrophage-like fish cell lines.

Failure to react with ISAV proteins in Western blotting suggests that all the selected mAbs 

may be targeting conformational epitopes. Therefore, more experiments are needed to 

identify target protein(s) and epitope(s) of these mAbs.

In conclusion, this study demonstrated for the first time that the mechanism of cell death 

during ISAV infection is cell type specific and that antibodies to ISAV can mediate uptake 

and replication o f IS AV in macrophage-like fish cell lines possibly through Fc receptors. The 

results obtained in this study provide new and significant data on the interactions between 

ISAV and fish cell lines derived from the in-vivo target cells o f the virus, which can 

contribute to a better understanding of the host-pathogen interactions of ISAV.

6.2. Fu ture  directions

Tliis thesis research set a stage for performing future experiments to identify host and viral 

factors involved in the pathogenesis and persistence of ISAV. This study showed that the 

mechanism of cell death during ISAV infection is cell type specific since ISAV-induced 

apoptosis in SHK-1 and CHSE-214 cells and necrosis in TO cells. Experiments are necessary 

to know whether ISAV-induced apoptosis is due the direct effect o f viral proteins or due to 

the antiviral response of the host cell. ISAV proteins may be individually expressed in fish 

cell lines in order to study the role o f viral proteins in the virus induced apoptosis. Prevention
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of apoptosis using a broad spectrum caspase inhibitor, Z-VAD-ûnk suggested that caspase

activation pathway is involved in the apoptosis induced by ISAV. Further studies to identify 

the role o f various caspases will also help to elucidate the signaling pathways involved in 

ISAV-induced apoptosis. Studies using primary cultures of target cells oflSAV may provide 

more information on the in-vivo relevance of ISAV-induced apoptosis. Assays such as 

TUNEL, electron microscopy, or annexin V staining may be carried out in histological 

sections o f target organs o f ISAV collected from Atlantic salmon at various stages of virus 

infection. Such experiments will provide more information on the role o f apoptosis in viral 

pathogenesis in-vivo. It is also important to identify specific markers for ISAV-induced 

apoptosis. For example activation or down regulation of Bcl-2 family genes may be 

investigated in order to identify markers for ISAV-induced apoptosis. Once identified, these 

markers can be used to study the role of apoptosis in-vivo during natural infection. This 

study also showed a possible interaction o f ISAV proteins with cellular caspases. In order 

to conclusively prove this interaction experimental systems such as yeast two-hybrid systems 

may be used (Karimova et al., 2002). Further corroboration can be done using biochemical 

analyses including GST-pull down assays or co-immunoprecipitation assays (Price et ah, 

2003). These studies will shed more light on the role o f viral proteins in the pathogenesis of 

ISAV.

Since leucocytes and macrophages are major targets of ISAV in Atlantic salmon future 

research efforts must be focused on the in-vivo relevance of antibody mediated growth of 

ISAV which has been demonstrated in-vitro in this study. Virus neutralization using antisera
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&om various sources in primary culture of Gsh macrophages may be useful to correlate

vitro ISAV-macrophage interactions with in-vivo phenomena. It is also important to know 

whether there is an enhancement o f infection when fish macrophages are infected with ISAV 

in the presence o f antibodies. This study showed that mammalian as well as fish antibodies 

can mediated uptake and replication o f ISAV in macrophage-like fish cell lines possibly 

through Fc receptors. An elegant approach will be to use P(ab’)2 fragments in virus 

neutralization assays. P(ab’)2 fragments can be obtained by the digestion o f immunoglobulins 

with proteolytic enzymes such as pepsin. Use o f P(ab’)2 fragments in virus neutralization will 

confirm Pc receptor mediated uptake of antibody coated ISAV (Halstead and O’Rourke, 

1977).

Along with this, antibody enhanced infection of ISAV may be investigated in macrophage­

like fish cell lines or primary cultures of fish macrophages, using anti-ISAV sera from 

various sources, and different multiplicity o f infections o f the virus. Since mammalian 

antibodies mediate ISAV uptake in macrophage-like fish cell lines, ISAV-specific mAbs can 

be used to identify viral proteins which induce production o f the harmful antibodies. In the 

present study, only two mAbs were used to investigate antibody enhanced infection. 

Characterization of more mAbs specific to various proteins oflSAV is essential to carry out 

further studies on antibody enhanced infection. Systematic analysis o f ISAV proteins by 

using both neutralizing and non-neutralizing mAbs is also necessary to identify the ISAV 

epitopes responsible for this phenomenon. The mAbs which were characterized in this study 

did not react with ISAV proteins in Western blotting, suggesting that mAbs are directed to
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conformational epitopes. Use of non-reducing conditions in the Western blot analysis or

antigen ELISA using recombinant ISAV proteins might help to identify the viral proteins 

targeted by these mAbs. Findings from these studies will bear directly on the current attempts 

to develop successful control strategies against ISAV.
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