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Infectious pancreatic necrosis virus (IPNV) encodes a 12-&ba5nonstructural
protein, known as VP5. To study the function of VP5, we generated three recombinant
viruses rNVIB, rNVI15-15K, and rNVI15AVP5, which could encode either-kPa
VP5, 15kDa VPS5 or be deficient in VP5, respectively. VP5 was detected in rNVI15 and
rNVI-15K infected cells but not in the cells infected with rIN\VABP5. However, the
opal stop codon at wleotide position 427 in rNVI15 virus was redmough, giving rise
to a 15kDa VPS5 that is expressed poorly than rNVIIEK virusinfected cells. All three
recombinant viruses show similar replication kinetics in both Chinook salmon embryo
(CHSE214) andainbow trout gonad (RTQ@) cells. Moreover, in Sp strains, IPNV

segment A could encode a novel, putativekP@a protein from another ORF. This-25



kDa protein could not be detected in viingected cells, however, we could recover a

mutant virus lackingtis ORF, indicating that it is not essential for virus replication.

To assess the molecular basis of virus adaptation in the cell culture, virulent
rNVI15 was serially passaged in CHSE cells nine times to obtain a-tisuee adapted
virus, rNVI15TC. mparison of the deduced amino acid sequences showed only one
amino acid substitution at position 221 (AlaThr) in VP2. However, this adaptation
mutation is only acquired in CHSE cells but not in RTGells. Two chimeric viruses,
rNVI15AVP2 and rNVI1515KAVP2 were also generated, in which the residues at
positions 217 and 247 in VP2 of the rNVI15 and rNVIIEK viruses were replaced by
the corresponding residues of an attenuated strain, Sp103. These two viruses have similar
replication kinetics as Sp10®&hich replicates faster than rNVIL5vitro, indicating that
residues at positions 217 and 247 of VP2 may be the important markers for virus
adaptation and attenuatiamvitro. By generating a reassortant virus between rNVI15

15K and Sp103, we also denstrate that VP1 is not involved in virus cell adaptation.

The signal pathways and nature of IPNMuced apoptosis were investigated in
RTG-2 cells. IPNViinduced apoptosis occurs at the late stage of viral life cycle. Caspase
3 is activated during virusifection, and inhibition of caspa$ecould partially inhibit
virus-induced apoptosis. Moreover, NB activation is essential for IPNmMduced
apoptosis, and it is involved in interferorduced antiviral state. Both the NiB
inhibitor and the antioxidd could inhibit NFkB activity and apoptosis induced by IPNV

infection, but they do not affect viral replication.
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Chapter 1

I ntroduction

11 General introduction

In recent years, aquaculture has assumed great importance due to the growth of
human population and the increasing demand for fish proddictgever, the rapid
growth of aquaculture has provided opportunities for the emergence of diseases.
Infectious @ncreatic necrosis virus (IPNV) is the major causes of disease in juvenile
rainbow and brook trout as well as Atlantic salmon, and it is responsible for huge
economic losses in the aquaculture industry worldwide. Highly virulent strains of IPNV
can causergater than 90% mortality in hatchery stocks less than four months old,
survivors of infections usually being persistently infected and serving as reservoirs of
infection(Mangunwiryo and Aguis, 1988; Reno, Darley, and Savan, 18Y8)orway, a
loss of about 60 million US dollars arailly due to IPNV infection alone has been

reported(Christie, 1997)

IPNV is a member of thBirnaviridae family, where genome consists of two
segments of doublstranded (ds) RNA. Genome segment A (~ 3.1 kb) contains two
overlapping opemeading frames (ORFSA large ORF encodes a X&Ba polyprotein
(NH2-pVP2-NS proteas&/P3-COOH), which is cotranslationally cleaved by the
protease to generate the major capsid proteins VP2 and VP3. A second small ORF, which
overlaps the amino end of the large ORF, encodé&skda argininaich polypeptide

(Dobos, 1995a)This nonstructural protein has been designated as VPS5, in



correspondenceith its positional homologue in infectious bursal disease virus (IBDV),
another member of tH&irnaviridae family. VP2 is the major outer capsid and the host
protective antigen, as it contains the antigenic region responsible for the induction of
neutraizing antibodies and serotype specifidiieppell et al., 1995bVP3 is an inteal
capsid protein, which binds to dsRNA genome forming ribonucleoprotein core structure
(Hjalmarsson, Carlemalm, and Everitt, 1998gnome segment B (~ 2.8 kb) encodes a
94kDa VP1, the putative kibn-associated RNAlependent RNA polymerase (RARp).
VP1 is present in the virions in two forms: as a free polypeptide and as a ganiade
protein or VPgCalvert, 1991)There is extensive homology between the noncoding
sequences of segment A and B. These sequences may be important for polymerase

recognition, translatioinitiation, and possibly genome packag{bgbos, 1995a)

IPNVs exhibit a high degree of antigenic heterogeneityanidtion in biological
properties, such as pathogenicity, host range, plaque size and temperature of replication.
The vast majority of IPNVs are antigenically related and form a major serogroup A,
relatively few antigenically unrelated IPNVs represerg@ad minor serogroup @il
and Way, 1995)Serogroup A antains 9 crosseacting serotypes, AA9. Most IPNV
isolates in the United States belong to the Al serotype, like West Buxton (WB) strain,
VR299 strain, Buhl strain and Reno stréitake et al., 2001)in this study, we chose Sp
strain (A2 serotype), which is the major serotype amiay, causing mortality in both
Atlantic salmon falmo salar L.) fry and postsmolts(Jarp et al., 1994; Smail et al.,

1995)



1.2  Functional study of IPNV nonstructural protein, VP5

The 17kDa VPS5 can be detected in infected cdils, utill now no conclusive
data has shown its presence in the vi(ldagyar and Dobos, 1994&ee@ntly, it has
been shown that VP5 is not essential for replication, but its function is still unknown
(Weber et al., 2001)'he genomic regions of VP5 from several IPNV strains have been
sequenced. The deducaahino acid sequence of VP5 shows the presence of a potential
phosphorylation site for tyrosine kinase and cAN#pendent protein kinase. In addition,
all VP5s are arginineich, have similar hydrophobicity profiles, and have an estimated PI
between 9.9 ah11.0 (Heppell et al., 1995a)P5 contains domains of BH1, BH2, BH3
and BH4 of a BeR homologue, but lacks the transmembrane region. Recently,ddong
al. (2002b) developed a stable Chinook salmon embryo (CHSE) cell line expressing VP5,
and suggesd that VP5 is a novel ardpoptosis gene of the B2lfamily. Generation of
a VP5deficient mutant of IPNV would shed some light on the function of VP5. Earlier,
our laboratory demonstrated that a mutant IBDV, which lacked the expression of the non
strudural protein VP5, showed an attenuated phenotype and did not cause lesions after
experimental infection of susceptible chickens, demonstrating that VP5 plays a key role
in IBDV pathogenesi§Yao, Goodwin, and Vakharia, 1998 this study, a virulent
isolate, NVI15, which belongs to Sp serotypeswboned and sequenced. We wish to
generate recombinant wilgtpe virus and VP&leficient IPNV mutant using a reverse
genetics system to study the function of VP5 botvitro andin vivo (Yao and Vakharia,

1998).



1.3  Molecular determinantsof virus cell adaptation and attenuation

For the purpose of developing a live attenuated viral vaccine, one requires the
knowledge of the molecular determinants of virulenug @tenuation, which may affect
the host range and tissue tropism. A detailed understanding of these factors will facilitate
efforts to ensure the safety of such vacciivaycheva and Chambers, 2008ince
RNA polymerases lack proofreading abilityetreplication of RNA viruses is
characterized by high mutation rates, which leads to rapid adaptation to their growth
environmen{Domingo, 1997)This has historically been exploited to generate live
attenuated vaccines. On the other hand, unrecognized adaptive mutations occurring
during propagation of viruses in the laboratory can be a source of misleading results and
erroneous conclusions regarding W@l life cycle in the natural host. Therefore, it is of
fundamental importance to understand the molecular processes of virus adaptation to
particular host celléfMandl et al., 2001)It is well known thatPNV loses virulence upon
serial passage in cell cultuf@orson, Castric, and Torchy, 1978; McAllister and Owens,
1986) however, the molecular determinants of viral cell adaptation and attenuation have
not been studied. Virulence is associated with segmé8tAo et al., 1992Recetly,
Bruslind and Reno identified two amino acids differences within the VP2 region of a
virulent and avirulent strains of IPNWBruslind and Reno, 2000)PNV field isolates
exist as quasispeciédsu, Chen, and Wu, 1995herefore, to study the molecular
determinants of IPNV cell adaptation, a cloned virus generated by the reverse genetics
approach would be ideal. Passage of recombinantwireed! culture and

characterization of its genomic sequence would allow one to identify markers of cell



adaptation. Moreover, by comparing the sequences of an attenuated field isolate (Sp103)
and a virulent isolate (NVI15), we can make chimeric virusesxiohanging the
corresponding coding region(s) of the two isolates, and identify putative amino acids

involved in virulence of IPNV.

1.4  Possible mechanismsinvolved in apoptosisinduced by IPNV in cell culture

Apoptosis is one of the cellular defense na@stm, which limits viral replication
by shutting down the host translation process. On the other hand, apoptosis could help the
virus to spreadf it occurs at the late stage$viral infection(Razvi and Welsh, 1995)
Hong et al., (1998) first demonstrated that IPNV causes both necrosis and apoptosis in
infected CHSE celline, and apoptosis precedes necrosis. IPNV infectiomgan
regulate the host prapoptotic factors but dowregulate the antpoptotic factors
(Hong, Hs1, and Wu, 1999; Hong and Wu, 2008poptosis induced by IPNV infection
has been detected in infected trout muscle cells but not in pancreat{&t=iget et al.,
2001) However, the role of apoptosis in IPNV infection and pathogenesis has not been
well established. The study of the mechanism of IRNIced apoptosis will provide
important information on viral pathogenesis &mdher facilitate control of this disease.
In this study, we will investigate virtaduced apoptosis in rainbow trout gonad (R2)G
cells, which have been shown to produce an interfikeractivity after treatment with
dsRNA and/or virus infectiofGarner, Joshi, and Jagus, 2003; Trobridge, Chiou, and

Leong, 1997)



15 Objectives

The main goals of this research comprise of functional study of VP5rpadtei
IPNV; identification of the molecular determinants of virulence and cell adaptation of
IPNV; and investigation of the mechanism of IPiMduced apoptosis vitro. The

research objectives of my dissertation are to:

1. Clone and sequence the genomic segm A and B of a virulent Sp field isolate
NVI15.

2. Generate recombinant and chimeric IPNVs using reverse genetics, and study their
replication kinetics.

3. Characterize recombinant viruses/itro and evaluate the virulenaevivo.

4. ldentify potential sigal transduction pathways of IPNduced apoptosis.



Chapter 2

Literaturereview

2.1 Infectious pancreatic necrosis

2.1.1 History of infectious pancreatic necrosis

Infectious pancreatic necrosis (IPN), also called acute catarrhal enteritis, is a
highly contagiais disease of trout and salmon. Historically, early North American
fisheries linked mortality in hatchery trout fry to what appeared to be acute enteritis.
Enteritis was presumably a result of very young fry that were unable to digest
commercial food prepations. At the beginning, it was believed that a flagellate
protozoanHexamita or Octomitus was the etiologic agent, because such protozoans were
abundant in the gut of such fi§Wolf, 1988) McGonigle and coworkers found that this
“enteritis” was accompanied by whirling behavior, yet death occurred in the absence of
the protozoariMcGonigle, 1941)Fourteen years later, Wood named the disease as
infectious pancreatic necrosis, based on the principal damage of pancreas after
histopathologic examinatiofWwood, Snieszko, and Yasutake, 1958)e authors also
postulated a viral etiology of thidisease. After techniques for culturing fish cells and
tissues were developed, Wolf and coworkers reported the isolation of IPNV, the first fish

virus to be grownn vitro (Wolf, Dunbar, and Snieszko, 1958)

2.1.2 Clinical signg/pathology



Typical presentation of IPN is a sudden increase in mortality of fry or finger
trout, with larger, more robust fish dying first. Clinical signs observed in diseased fish
include: distended abdomen, aberrant swimming, trailing white feces, darkened
pigmentation, exophthalmos, hemorrhage on the ventrum, and pale gills. In older
fingerling trout, there may be many petechial hemorrhages in the viscera. In contrast, fry
have pale viscera with few petechiae. Catarrhal exudates are often found in the stomach.
Intestines may produce a mucoid, cohesive fecal pseudocast. Spleen Veeamdi
kidneys of fry are pale in color, and the digestive tract is always devoid of food (Wolf,
1988). The primary target of viral infection is the pancreatic acinar cell, and focal
necrotic lesions found in exocrine pancreatic tissue are detectabltdpalthological
examination. Adjacent adipose tissue may be damaged. Another diagnostic feature is the
presence of McKnight cells (epithelial cells of the pyloric ceca), which swell and develop
fragmented nuclei; the eosinophilic cytoplasm is then shedhe lumen (McKnight and

Roberts 1976)

2.1.3 Epidemiology of IPN

IPNV usually causes high mortality in younger fish, whereas mortality is
relatively rare in older fish. However, IPNV can cause significant mortality in Atlantic
salmon postsmolts, especially after the stress of smoltdicaind introduction to
saltwater. Five percent of the Atlantic salmon transferred to the sea are lost due to IPNV
outbreakgMckenna et al., 2001Mortality observed in outbreaks varies with fish age,

species, temperature, and other environmental str¢ssedsi and Savan, 1971;



McAllister and Owens, 1986; Silim, Elazhary, and Lagace, 1982; Wolf, 1888)

clinical signs appear typically on day 3 to 5 in fry or on day 8 to 10 in fingerlings, after
exposure to the virus. Peak mortality usually occurs on day 12 to 18. The optimal
temperature for disease development is betwe#d tt014°C(Noga, 1996) The virus is
highly contagious in susceptible fish species. During outbreaks, lateral transmission
results from contact and ingestion of infected tissue and feces.aVérdicsmission

occurs via transport in reproductive fluids and in the eggs. In lateral transmission, the
digestive tract is presumably the prime site of infection, but the gills may be equally
important because fry and fingerlings are easily infectadchbyersion(Wolf, 1988)
Infection of IPNV can be persistent, where the surviving fish of an outbreak often
become carriers and continue keed viruses through urine and feces for two years. The
IPN virus is one of the most environmentally persistent fish viruses, which can survive
between outbreaks. It can survive for months in frozen viscera. In freshwater, it can
survive for 5 dgs at 15C, for 10 days in a 4°C stream, and for 3 months in sterile water.

It survives air drying at € for over 1 montifToranzo and Hetrick, 1983)

Apart from salmonids, IPNV has also been isolated from fish representing at least
32 different families, 11 species of mollusks and four species of crustdeghand
Way, 1995) However, most of the strains is@dtfrom invertebrates are nonpathogenic
to the host. The disease has been reported in North, Central and South America, Europe,

Japan and Southeast Asia.



2.1.4 Diagnosisof IPNV

A definitive diagnosis of clinical IPN requires the isolation of high titers rofsvi
from target tissues, with the appropriate clinical signs in susceptible species. The best
tissue for isolation of virus is the posterior kidney. Presumptive diagnosis of IPN is based
only on the presence of typical clinical signs and pathology in gtileespecies,
however, this could be misleading. Enzyme linked immunosorbant assay (ELISA),
immunofluorescent assay and reverse transcription-BCR are used in confirmatory
diagnosigCunningham, 2002)solation and identification of IPNV are usually
straightforward, but IPNV may eoccur with other pathogens. Therefore, mptete and

differential diagnosis is preferred.

2.1.4 Prevention and control of IPN

There is no reliable treatment for IPNV, and therefore, disinfection and quarantine
is the only practical method of controlling an IPN epidemic. The virus can be readily
inadivated by 40mg/l chlorine for 30 min, 20,000 ppm formalin for 5 min, 35 ppm iodine
for 5 min, pH 12.5 for 10 min, or 90 ppm ozone for 0.5 to 10 min. However, ultraviolet
light, sunlight, and drying seem ineffective in destroying the virus. Since thewirus
environment stable, sanitary precautions should be strictly applied to prevent the spread
of IPNV, although this may not be possible in many cases. Many watersheds have feral
IPNV-infected salmonids. Other fish (e. g. striped bass) that are knowrbtar RNV
may also transmit the virus to susceptible fish species. To avoid clinical IPN in such

cases, young fish can be raised in a virae water source for the first 6 months, after

10



which the fish usually do not become sick after transfer to the {Bdvaminated grow
out water(Noga, 1996)Vertical transmission of IPNV cannot be controlled using
antiseptic egg baths, possibly because the virus is carried wighegghor is somehow

sheltered on the egg’s surface.

Vaccination is still the most common prevention method. Inactivated and
recombinant vaccines against IPNV that are used commercially in Norway are
administered by injection, but protection is not weltdmentedChristie, 1997)Live,
attenuated vaccines potentially could be the most effective and inexpensive vaccine, since
it replicates in fish, and can stimulate both humoral and cellular immune responses. If the
vaccine strain is shed by vaccinated fidfeative dissemination of the antigen into
unvaccinated populations would amplify the effects of the vacMoesover, attenuated
vaccines are inexpensive, easy to prepare, and require a low dose for administration into
fish. However, there are risks @version to virulence and uncontrolled environmental
spreading. Live, attenuated vaccines have only been allowed for field trial purposes in the
catfish industry in the U85udding, Lillehaug, and Evensen, 1998)better
understanding of virulence factors, the mechanisms of virus attenuation and the
determinants of hdsange and tissue tropism, will contribute to the development safe

live attenuated vaccine in the future.

Fish can be vaccinated by injection (preferably intraperitoneally), immersion, or

oral administration. Only injection and immersion delivery systbave been developed

for routine use by the aquaculture industry. For oral vaccination, the major problem to be

11



resolved is how to protect antigens from being digested and decomposed during passage
through the stomach and anterior gut. These methoddiffeerent advantages and
disadvantages with regards to the level of protection, side effects, practicality and cost
efficiency(Gudding, Lillehaug, and Evensen, 199@mersion and oral administration

cause less stress for the fish, and less time is required to vaccinate fish fry. Injection,
although impractical for imiunizing large numbers of fry and the associated high labor
costs, is widely used because of the high levels of protection obtained for the duration of

the growth cycle after a single administrat{étorne, 1997)

2.2 Infectious pancreatic necrosisvirus

2.2.1 Nomenclature and classification

Infectious pancrdec necrosis virus (IPNV) is the prototype of the family
Birnaviridae and belongs to th&quabirnavirus genusBirna implies the most important
features of the these virusésindicates the genome consists of tsegments, as well as
its doublestrandedass;rnasignifies the viral nucleic acid is RNA. The family contains
two other genera, genésibirnavirus (type species: Infectious bursal disease virus ,
IBDV), and genug&ntomobirnavirus (type species: Drosophila X virus, DXY)obos,
1995a) The genu&qguabirnavirusincludeslPNV, blotchedsnakehead virus (BSNV),
marine birnavirus, oyster virus, tellina virus, anddggoby virus. These viruses, which
are isolated fronfish and other aquatic animals, exhibit the largest, most antigenically

diverse group within the familgirnaviridae (Hill and Way, 1995)
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There are two distinct serogroups of aquatic birnaviruses, designated serogroups
A and B. Serogroup A comprises the vasjanty of antigenically related IPNVs, and
are usually pathogenic to fish. Relatively few antigenically unrelated IPNV represent a
second minor serogroup(Blill and Way, 1995)Serogroup A contains 9 cressacting
serotypes: Al (type strain West Buxton), A2 (type strain Sp), A3 (type strain Ab), A4
(type strainHe), A5 (type strain Te), A6 (type strain Canada 1), A7 (type strain
Canada2), A8 (type strain Canada 3), and A9 (type strain JASL VR1325).
Serogroup B consists of one serotype isolated from mollusks. Most IPNVs in United
States belong to the Alre¢ype. Serotypes A6, A7, A8, A9 occur in Canada;A&2in
Europe. And A1, A2 and A3 have been found in Asia and South An{&l&ke et al.,

2001)

2.2.2 Virusvirion

The virion of IPNV is norenveloped, singtshelled icosahedron of 60 nm in
diameter(Dobos et al., 1979)he capsid consists of 132 capsomeres with a skewed (left)
icosahedral pattern of T=18zel and Gelderblom, 1985)he buoyant density of IPNV
is 1.33 g crit in CsCl and that of the empty capsid is 1.29 & ¢Bobos et al., 1977)

The molecular weight of virion has been calculated to be 5% aridthe genome has a
molecular weight of 3.77 x $0thereby contributing 6.9% of the mass of the virion

(Dobos, 1995a)

2.2.3 1PNV genome structure and organization
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The dsRNA genome of IPNV has two segments, segment A and segiftegt B
2-1). Larger segment A of Jasper (3097 bp) contains two partially overlappérg
reading frames (ORFs), the larger ORF encodes &«D@Grecursor protein, which is
cotranslationally cleaved by the viral encoded protease (VP4) to generate major capsid
polypeptide pVP2, and VR®obos, 1995a; Duncan et al., 198¥he pVP2 (6«Da) is
further cleaved by cellular protease to VP2-kbh) during virus maturatiofDobos,
1977) Segment Aalso encodes an argininieh minor 17kDa protein (also called as
VP5) from a small ORF, which precedes and partly overlaps the larg¢[RIREan et
al., 1987) Segment B (2777 bp) encodes VP1, «B4& protein, which is the virion
associated RNAlependent RNA polymeragpobos, 1995b; Duncan et al., 199This
protein is found both as free polypeptide and covalently linked to the 5’ ends of the

genomic RNA segmen({€alvert, 1991)

Noncoding regions (NCR) in both segments A and segment B have been
completely sequenced in different strainsj aomparisons were made between
segments, serotypes and among different st(Binscan et al., 199M/eber et al., 2001;
Yao and Vakharia, 1998)There is extensive homology between the noncoding
sequences of A and B segment; 32 of 50 nucleotides are conserved at the 5’ terminal
region and 29 of 50 nucleotides at the 3’ terminus. In addition, theeavierminal
repeats in both segments are conserved among different serotypes. These inverted
terminal repeats may form a panhandle structure, which may be important for polymerase

recognition; a similar sequence has also been reported in IBDV(RGIBbS, 1995a)
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Segement A

Nt 1 1kb 2 kb 3 kb Nt 3097
5 3
3’ 51
| 15-kDa
N VP2 NS protease VP3 —
VPg
* Rapid cleavage by NS protease
pVP2 NS protease VP3
Slow
cleavage
VP2 NS protease VP3
Segement B
Ntl 5 3’ Nt 2777
3 5
VP @ VP1 (RdRp) —

Fig. 2-1. Organization and expression of IPNV genome. Segment A produces mature
viral proteins VP2, NS protease and VP3 after processing of polyprotein, adda 17
protein from the overlapping minor ORF. Segment B produces the virald&gandent
RNA-polymerase (RdRp). Viral polymerase is also found attached to both the segments

at the 5ends in the form of VPg.
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2.2.4 Viral proteins

Segment B encodes a-8@a polypeptide, designated VP1, which is viral
encoded RNA depended RNA polymerase (RdRp). VP1 has a low copy number and
forms 4% of the total virion protein. There is a debat® aghether VP1 of both IBDV
and IPNV function as guanylyl transferases or not. Although birnavirus VP1 can be
guanylylatedn vitro, neither the reversibility of the reaction nor the transfer of the GMP
to an acceptor has been demonstrated, indicatinyy®his not a guanylyl transferase or
capping enzyméDobos, 1995h) Like RdRpsf other RNA viruses, birnavirus VP1 has
several conserved motifs. However birnavirus RdRps possess some features that
distinguish them from most RdRps. First, they are found in both free and génkete
forms. It is present as VPg linked to theebid d both genome segments by a seihe
GMP phosphodiester bond, and serves as the primer using a hydroxyl groups of amino
acid residues within the protein itsé@alvert, 1991)In contrast to reovirus, tha vitro
synthesis of IPNV mRNA follow a semiconservative strand displacement mechanism
(Dobos, 1995h)More importantly, the RdRps of IPNV and IBDV lack the GDD
sequence in the motif VI, the hallnkafeature of this enzyme family. In IBDV, VP1
contains a LDD motif in place of the GDD, which possibly performs the catalytic
activity, but in IPNV and DXV, the GDD motif is completely absent from the region
corresponding to the presumptive motif VI of IBDOne explanation for the lack of
GDD in the IPNV RdRp sequence is that a downstream LDD motif (residué33

might function as a catalytic si(Buncan et al., 1991; Shwed al., 2002)
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VP2 is the major outer capsid protein, representing 60% of the virion protein
(Dobos, 1995a)in infeckd cells, the polyprotein is rapidly cleaved into pVP2, VP4 and
VP3. The further processing of pVP2 to VP2 is brought about by fish cell proteases rather
than the virus encoded protease, \(Pdbos et al., 1977; Magr and Dobos, 1994b)

Azad and coworkers showed that the maturation of VP2 in IBDV involves the cleavage

of pVP2 at the carboxy er{dzad et al., 1987)There has been some con&my about
whether VP2 is glycosylatdEstay et al., 1990; Perez, Chiou, and Leong, 1996)

However, recent data suggest that VP2 is glycosylated freely in the cytoplasm and it is an
O-glycosylated proteifEspinoza and Kuznar, 2002; Hjalmarsson, Carlemalm, and

Everitt, 1999)

Since VP2 elicits neutralizing antibodies and carries ser&gpeific and group
specific antigenic determinants, this protein is importanthe development of a subunit
vaccine, diagnostics and serological typing of different isolates. The only viral subunit
vaccine that is commercially available in Norway is derived frome VP2 expresBed in

coli (Christie, 1997)

The second major structugadotein, VP3, is the most abundant polypeptide, with
672 molecules per virion, as compared to 544 molecules of VP2. However, due to the
smaller size (3. kDa), it forms only 34% of the total virion ma@3obos, 1995a)VP3 is
known to be an internal protein, with a likely exposure of some epitopes on the surface of
the virion(CaswellReno, Reno, and Nicholson, 1986; Tarrab et al., 1998uncated

form of VP3, called VP3a (2RDa), is also detected in varying amounts in purified
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virions. It has been shown thaP¥® binds with dsRNA to form a unique threadlike
ribonucleoprotein complefHjalmarsson, Carlemalm, and Everitt, 1998)IBDV,
Lombardo and coworkers found that the interaction between VP1 and MR ia the
encapsidation of VP1 into virdike particles (VLPs) in the absence of the IBDV
genome. This indicates that VP3 functions as a connector between VP1 and VPX/2
during the assembly of IBDV virionkombardo et al., 1999Furthermore, the

interaction motifin VP3 was narrowed down to its basic carbexeyminal domain
(Maraver et al., 2003; Tacken et al., 20Q0ke IPNV, VP3 of IBDV has been shown to
interact with dsRNA of both viral gentes(Tacken et al., 2002 hus, birnavirus VP3 is
possibly a pivotal organizer of virus structure and may be important for viral assembly

and replication.

The polyprotein encoded lsegment A is cotranslationally processed and cleaved
at the pVP2VP4 and VP4VP3 junctions by VP4, a viral encoded protedsg.(21). It
has been shown that birnavirus VP4 forms acemmonical RNA viral Lon protease, even
though it lacks an ATPase dam (Birghan, Mundt, and Gorbalenya, 2000king site
directed mutagenesis, Petit and coworkers identified two residues (serine 633 and lysine
674) in IPNV VP4 that are critical for its cleavage actiyRetit et al., 2000)These
residues are conserved across the Lon/\dA4ly and form a Sekys catalytic dyad that
performs cleavage functidBirghan, Mundt, and Gorbalenya, 2000hey also
determined putative cleavage sites for pWH24 at amino acid positids08-509, and for

VP4-VP3, at psition 734735. All the ckavage sites have the (Ser/THrAla|
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(Ser/Ala)}Gly motif, a target sequence with similarities to cleavage sites of bacterial

leader peptidases and herpesvirus proteases.

As mentioned earlier, segment A encodes-&aD& nonstructural protein, called
VP5, which is detected in IPNNhfected cell{Magyar and Dobos, 1994d)sing
reverse genetics, it was shown that VP5 is not required for replication and the VP5
deficient mutant virus has similar replication kinetics as the-typp@ virus(Weber et al.,
2001) However, the function of VPim vivo is not known. In IBDV, segment A also
encodes a XKDa NS protein (from a small ORF), which is found in IBiWected cells,
but not in the virior(Mundt, Beyer, and Muller, 1995This NS protein, also called VP5
in IBDV, is not required for viral replication but plays an important role in viral
pathogenesiéyao, Goodwin, and Vakharia, 19989)he NSdeficient virus was
attenuated imn vivo studies. In cell culture, it displayed delayed replication kinetics and
had one log lower titer after infection than thiéd-type virus. Apoptosis can also be
induced by transient expression of IBDV VP5 protein in chicken cell (iias and
Vakharia, 2001)IBDV VPS5 has a putative transmembrane domain and the expression of
VP5 induces cell lysis, which may play an important role in the relea8®df progeny

(Lombardo et al., 2000)

2.2.5 Viral replication

The replication cycle of IPNV has not been completely elucidated. The entire

process consists of severadss. Attachment to the host cells is the first step, followed by
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entry into the host cell. Once inside the cell, virion particles are disassembled and the
nucleic acids are released. Subsequent steps include replication, transcription and
translation. Finly, viral particles are assembled, and the matured virions are released

from the host cel{Marsh and Helenius, 1989)

The replication of IPNV takes place in the cytoplasm and a single cycle of
replication takes @20 hours at 22 °@ vitro. Little is known about the early steps of
virus-cell interaction. IPNV attaches specifically and +specifically to CHSE cells;
only the pecific binding leads to a productive infectigfuznar et al., 1995VP2
appeargso be the celattachment protei(Dobos, 1995a)Like other norenveloped
animal viruses, IPNV seems to be internalibgdeceptomediated endocytosis
(Granzow et al., 1997; Kuznar et al., 1999dwever, the receptor for virus binding has
not been identified. Imajoh and coworkers recently found that a marine birnavirus could
bind to a 256kDa protein, which may serve as the common receptor that allows the virus

to enter different fish cell lingdmajoh, Yagyu, and Oshima, 2003)

After cell entry, birnavirus may directly proceed to initiaBnscription and
replication without uncoating, since the RdRp remains transcriptionally active without
any proteolytic pretreatment or degradation of the capsid of the virus pai@olesn,
1975; Spies, Muller, and Becht, 198Hpwever, in reovirus, which also contains a
dsRNA-dependent RNA polymerase, partial uncoating to form aldeestructure is
required to activate thdrion transcriptase, which then allows inevitro synthesis of

viral mMRNAs(Skehel and Joklik, 1969)Pulse labeling experiments of viral RNA
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synthesis in infected CHSE cells revealed that the rate of virus specific RNA synthesis
was maximal at-80 hrafter infection and completely diminished by 14%omogyi and
Dobos, 1980Q)Three forms of RNA, the 146S transcription intermediate, 24S ssRNA
(viral mMRNA), and 14S dsRNA (virion RNA) has been detected. Segment A specific
MRNA was synthesized 2 times more than segment B mRNA, reflecting the relative
abundancy of major viriopolypeptides. Viral mMRNA contains no poly A tract and no

subgenomic mRNA species were found in vimfected cell{Dobos 1995a)

Using monoclonal antibodies, Espinoza and coworkers detected VP3 synthesis as
early as 6 hr posnhfection (p.i.). At 8 hr p.i., the first strong signals of VP2 appeared.
During early infection, both VP2 and VP3 were colocalized in the cytdsabr (1012
hr p.i.), VP2 was visualized as inclusion bodies in perinuclear region of cells. Sometimes,
it was found in elongated tubular structures that might correspond to type | tubules seen
in IBDV infected cells. These results suggest that earlige infection, both VP2 and
VP3 are synthesized in free polyribosomes, and after the bulk of viral RNA has been
synthesized, assembly of IPNV begins to take place near the nucleus of the cells

(Espinoza et al., 2000)

There may existranslational control of VP1 expression in infected cells. VP1 is a
minor protein in vivowhich is produced in much low amounts than would be expected
by the relative abundance of the viral 24S mRNAs. It is possible that the VP1 gene is

translationallyrepressed by the products of segment A, since there is an abundant
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production of VP1 in insect cells infected by recombinant baculoviruses carrying only the

B segment of IPNV cDNAMagyar and Dobos, 1994b)

Little is known about IPNV assembly and releisen the host cells. In IPNV,
virus-induced apoptosis has been observed in CHSE(etilsg et al., 1998)which may

provide the mechanism for virus release from the cells.

2.3 Molecular basisfor antigenic variation, cell adaptation and virulencein PNV

2.3.1 Molecular basisof antigenic variation in PNV

Since RNA polymerases lack proofreading ability, the replication of RNA viruses
is characterized by high mutation rates. In addition, RNA viruses have large population
sizes, high replication rates and short generation times. All these properties are
respongble for the extremely high genetic variability of RNA virus populatifvisya et
al., 2000) This results in the emergence of new populations that are more adaptable to

the environment, and could escape the surveillance of host immune system.

Aquatic birnaviuses are the largest and most diverse group of viruses within the
family Birnaviridae. They have been isolated from at least 32 different fish families, 11
species of mollusks and four species of crustacgéihand Way, 1995)These viruses
exhibit a high degree of antigenic heterogeneity and variation ingotalgroperties

such as pathogenicity, host range, and temperature of replication. Antigenic variation
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among different strains of IPNV has been reported by many laborgfdedhiaume et
al., 1992; CaswelReno, Reno, and Nicholson, 1986; Lee et al., 198&3ed on
reciprocal neutralization tests with polyclonal antisera and enzyme immunoassays with

monoclonal antibodies, serogroup A wagded into 9 subtypefHill and Way, 1995)

Most of theinformation available on the antigenic variation of birnavirus proteins
comes from studies on IBDV. These studies revealed that there is a central variable
region within VP2, containing conformational epitopes recognized by neutralizing mAbs
(Vakharia et al., 1994)Similar moleculadeterminants of antigenic variation have been
determined in IPNV VP2. Using monoclonal antibody mapping epitopes, Frost et al.
(1995) discovered that the variable epitopes depended on the region between amino acid
204330 in VP2(Frost et al., 995) After sequencing the VP2 region of five IPNV
strains, Heppell et al. (1995) found the central variable domain is between amino acids
183 and 335, which encompasses two hydrophilic hypervariable sedieptell et al.,
1995b) Sequences comparison of 28 IPNV strains revealed that the most of the changes
in the amino acid seqoee between different strains reside in the region between
residues 243 and 33%Blake et al., 2001)0One would expect the hypervariable region to
be located in VP2, since VP2 is the major outer capsid protein, and comprises all the
neutralizing epitopes and cell attachment sitesdbtgrmine host/cell range. The unique
signature amino acid for distinguishing different strains was also identified within the

VP2 region.

2.3.2 Molecular determinantsof virulence and cell adaptation
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Viral virulence is the relative ability of a virie produce disease or lesions in a
host. It is dependent on various host and virus factors, including changes in viral tissue
tropism and alteration in the level of viral replication and transcription. Changes in viral
virulence resulting from mutations viral gene products have been observed in many
viral systemsMany viral genome characteristics can influence viral pathogenesis and
virulence, such as: viral envelope and capsid proteins; core, matrix, and nonstructural

proteins; and noncoding regionistbe viral genoméTyler and Fields, 1996)

It is not surprising that the alteration of capaii envelope proteins can
dramatically change viral tropism and pathogenicity, since they frequently function as
viral cell binding and receptor recognition proteins. For example, poliovirus (a naked
icosahedral virus) has mutations in its outer capsteprs that are responsible for virus
attenuation. In reovirus, the S1 gene, which encodes the cell recognition plgtein
determines itgentralnervoussystem(CNS) tropism, and the outer capsid projein
encoded by the M2 gene is the important deteamt of neurovirulence for T3 strains
(Tyler and Fields, 1996)For enveloped viruses, glycopeots play an important role in
host cell binding and reorganization. In Sindbis virus, the prototype member of the genus
Alphavirus in the familyTogaviridae, single mutation in the E2 glycoprotein is rapidly
acquired during replication in the nervous systand plays a critical role in the

acquisition of neurovirulendg.ustig et al., 1988)

Polymerases, nonstructural proteins and noncoding regions can also be involved

in virulence. In lymphocytic choriomeningitis vir@isCMV), a single amino acid change
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in the viral polymerase (residue 1079) is a major determinant of macrophage tropism and
virulence(Matloubian et al., 1993Murine rotavius encodes a nonstructural protein,

NS53, which is a determinant of virulence and capacity of spread in the infected mouse
(Broome, Vo, and Ward, 1993Noncoding regions of poliovirus and Sindbis virus are
proved to be important for virulence and pathogey, which is presumably due to their
important effects on gene replication and transcripiawamura et al., 1989; Kuhn et

al., 1992)

Most of the infemation about birnavirus virulence determinants has again been
obtained from IBDV. It has been shown that VP2 carries the determinants of virulence
and the residues responsible for cell culture adapté@ioot et al., 2000; Brandt et al.,
2001; Lim et al., 1999) The IBDV noncoding region (NCR) is not involved in
virulence, since a chimeric virus, which contains the NCR of serotype tharabding
region of serotype | virus, does not lose its pathogenicity in chickens, even though the
serotype Il virus is not pathogenic to chické@shroder et al., 2000The involvement
of VP3 in IBDV virulence is uncertain. Brandt et al. (2001) demonstrated that VP3 and
VP4 do not contain virulence markers. However, Boot and coworkers found that the
exchange of the @&rminal part of VP3 from the very virulent virus with serotype Il
resuled in an attenuated phenotyj@®ot et al., 2002)In addition, the nonstructural
protein, VP5, may play an important role in viral virulence, even thougpréutse
function remains undeterminéddombardo et al., 2000; Yao, Goodwin, and Vakharia,
1998) VPL1 of the very virulent strain has one unique amino acid substitution, which may

be involved in virulence of IBD\Islam, Zierenberg, and Muller, 200Moreover, there
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is evidence suggesting that VP1 may be involved in cell tropism of I@d&ndt et al.,

2001)

Presence of IPNV is necessary, but not suffigieo develop IPN disease, which
also depends upon viral strain, environment, fish species and age(é¥&stsi and
Savan, 1971; Jarp et al., 1994; Ozaki et al., 2001; Smail et al., 3988¢nce markers
for IPNV have not been extensively studied. By makeassortant viruses between two
serotypes, VR299 and ABano and coworkers demonstrated that virulence of IPNV is
associated with genomic segmen{3ano et al., 1992)Jsing the same approach, they
found that plaque size is dapdent on segment A and is not associated with virulence
(Sano, Okamoto, and Sano, 1994)ithin the same serotype, there are differences in
virulence and pathogenicity among different isolates, although they share the extreme
homology sequencéBruslindand Reno, 2000; Hill, 1982; Silim, Elazhary, and Lagace,
1982) The variation of virulence among isolates may be a reflection of the complex
nature of this disease. Therefore, comprising the sequences of two closely related
isolates, which exhibit markedtifferent virulence levels, could pinpoint the amino
acid(s) that affect viral performance. Bruslind and Reno (2000) identified two amino acid
differences at positions 217 and 286 in VP2, which may distinguish the virulent isolates
from the attenuatedofates. After sequencing different isolates that belong to serotype
Sp, our laboratory has identified residues at positions 217, 221, 247, 500 in VP2 that may
be involved in virulence of IPN{Ganti, Vakharia, and Evensen, 2003; Shivappa, Song,

and Vakharia, 2003However, using a reverse genetic approach, it is possible to

26



generate recombinant viruses that would allow us to pinpoint therient residue(s)

involved in virulence.

It has been known that IPNV will lose virulence with serial passages o
(Dorson, Castric, and Torchy, 1978; McAllister and Owens, 198@)son et al., (1978)
observed that a virulent Sp strain, which lost its virulence after passaged 13 times in
RTG-2 cells, prodaed larger plaques, and grew more rapidly in RIT&ells. Moreover,
this attenuated virus could be neutralized by normal trout serum, whereas, the virulent
one could not. However, the molecular basis for this attenuation was not Kdigin.
mutation rate®f IPNV field isolates have been observed by Hsu, et al. (1995), who also

demonstrated that IPNV field isolates exist as quasispecies.

2.4 Reversegenetics system

The first reverse genetics system for IPNV was established by Yao and Vakharia
(2998. In this system, both genomic segments of IPNV WB strain were cloned and
placed behind a T7 promoter. IPNV was rescued by the delivery of the synthetic positive
sense RNA transcripts into CHSE céls$g. 2-2). Using this technique, we could easily
manipulate the viral genome and generate knockout or mutant viruses that will allow us
to study the functions of viral proteins, or identify the residues involved in virulence of
IPNV. After identifying the molecular determinants of virulence and persistercean
use this reverse genetics approach to generate safe and stable vaccine stocks, and finally

control this disease.
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1. Viral particleswith
dsRNA

* 2. Genomic cDNA clonewith
T7 promoter at 5' end
B
B

3. Synthesize run-off RNA
transcripts

4. Transfect CHSE cdlls

5. Recovered virus
with tagged sequence

Fig. 2-2. The reverse genetics system developed in our laboratories forniegove
recombinant IPNVs from cloréerived transcripts. The T7 promoter sequence is placed

in from of the 5*end of genomic cDNA clones.
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25 Apoptosisand interferon

25.1 Apoptosisand virus

Apoptosis, also called programmed cell death, is consideredalgsiological
process involved in normal tissue turnover, which occurs during embryogenesis, aging,
and tumor regression. However, pathological stimuli, such as cell damage, irradiation,
serum starvation, LPS (lipopolysaccharide), and viral infectioratso trigger the
apoptotic process. Apoptosis is defined by some typical morphological changes that are
distinct from necrosis, including membrane blebbing, cytoplasmic and nuclear
condensation, DNA fragmentation, and formation of apoptotic b@diesgartner,

2000) There is no release of cellular contents or induction of inflammation around
apoptotic dead cells. In the case of virus infection, sinoptafic cells are phagocytosed

by normal cells without being attacked by the host immune system, progeny virus can
easily and rapidly spread to neighboring céazvi and Welsh, 1995Dn the other

hand, apoptosis is a defense mechanism that helps the host cell against virus infection,
because it curtails the infection cycle and prevents neighboring cells from being infected.
Someviruses encode ardipoptotic molecules to suppress or delay apoptosis,
consequently keeping host cells alive for the production of sufficient quantities of
progeny. For example, the adenoviral E1B gene and the BHRF1 gene of Bastein

Virus (EBV) have ken shown to possess aapioptotic functiongBoyed et al., 1994;

Henderson et al., 1993)

2.5.2 Apoptosissignal pathways
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A set of cystein proteases, called caspases, play a central role in the execution of
apoptosis. Upon being activated, caspase will selectively cleave a restricted set of target
proteins(Thornberry and Lazebnik, 1998)here are close to 100 caspase substrates have
been reported over the years. Among them, the most distinct substrate is DNA ladder
nuclease (now knowrsacaspaseactivated Dnase, or CAD), which cuts genomic DNA
between nucleosomes to generate DNA fragments with lengths corresponding to multiple
integers of approximately 180 base péitrari et al., 1998; Liu et al., 199Mherefore,

DNA laddering has been used extensnas a marker of apoptotic cell death. Other
features of apoptosis, such as nuclear shrinking and budding, loss of overall cell shape,
and membrane blebbing, can also be explained as the consequences ofrcadjzed
cleavage of specific substrai@iendia, SantdMaria, and Courvalin, 1999; Rao, Perez,
and White, 1996)However, several of the k@poptotic subprogrammes, such as cell
shrinking and the emission of pemgulfment signals, are still poorly understood

(Thornbery and Lazebnik, 1998)

All the apoptotic caspases exist in normal cells as enzymatically inert zymogens.
When cells undergo apoptosis, these caspases become activated by sequential proteolytic
events that cleave the single peptide precursor into sagesmall fragments that
constitute the active enzyni€hornberry and Lazebnik, 1998}aspases can be
functionally divided intanitiator caspases, such as casp#sasd 9, and effector
caspases, such as caspasé and 7. There are two well studied pathways of caspase
activation cascades that regulate apoptosis: one is initiated from the cell surface death

receptor and the otheés triggered by changes in the mitochondrial pathway (FR). 2
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(Hengartner, 2000)The deathreceptor pathway is triggered by the desgbeptor

superéimily (such as Fas and tumor necrosis factor receptor). These receptors share a
conserved cysteirich repeat in their extracellular domains. The binding of Fas ligand to
Fas (also known as CD95L and CD95) induces receptor trimerization and formation of a
deathinducing signaling complex. Multiple procaspdasare recruited to this complex
through the adaptor molecule FADD (Fassociated death domain protein). Procaspase
oligomerization results in its proteolytic autoactivation and subsequent activéten.
activated caspas®will then activate downstream effector casp@se, 7 and also

caspas®.

The mitochondrial pathway is used extensively in response to both extracelluar
cues and internal stress. These diverse response pathways converge anarisbly
the activation of prapoptotic member of the B&l family. There are prand anti
apoptotic proteins in the B& family; they compete to regulate cytochrome c discharge
from mitochondria. If the prapoptotic members win, cytochromexts fran
mitochondria compartments. The released cytochrome c associates with @&mhathen
procaspas® to form the apoptosome, where casgaseactivated. The activated
caspas® will also cleave and activate downstream effector caspa@and 7. Thus, éh
deathreceptor and mitochondrial pathways converge at the level of effector caspase
activation. Additional deatinducing pathways must exist, since developmental
apoptosis proceeds normally in casp@sad 9 defective miog@Vang and Lenardo,

2000)
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Fig. 2-3. Two major apoptotic pathways in mammalian cells, lieateptor (CD95)
mediated pathway and mitochondiral mediated pathway— “, direct inhibitory

modification; “—» “, direct stimulatory modification. The figure is adapted from

Hengartner, 2000.
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The nuclear transcriptional factor kappa B (&) is thought to be a central
player in apoptosis regulatory pathways, and it has botfapaptotic and pr@apoptotic
functions. NF«B is normally kept in a quiescent state in the cytoplasm by association
with its inhibitor, kB (Baeuerle and Baltimore, 198&)pon receipt of various stress
signals, such as lipopolysaccharide, tumoress factor, interleukin (Il and viral
dsRNA, kB is phosphorylated by arB kinase. The phosphorylatecBl becomes
ubiquitinated by an E3 ubiquitin ligase and is subsequently degraded by proteasomes.
Once the inhibitorydB is destroyed, N¥B is free and can enter the nucleus, where it
activates transcription of target genes, which regulate inflammation and immune
responses, viral replication, nitric oxide production,-cell interactions, apoptosis, and
proliferation(JansseiHeininger, Poynter, and Baeuerle, 200Bxposure to dsRNA
activates NFB via the dsRNAdependent protein kinase R (PKR)aran et al., 1994;
Yang et al., 1995NF«B confers a survival signal to many cells, such as in cells treated
with TNF-a (Beg and Baltimore, 19967 he NF«kB-dependent survival signal requires
transcriptional activation of genes that include-apoptotic factors (Be2, BckX)
(Tamatani et al., 1999nd inhibitors of apoptosis geneslfé>-1, ¢IAP-2 etc.)(Wang
et al., 1998)NF«B is also reported to potentiate apopt@g€iennolly et al., 2000;
Grimm et al., 1996; Lin et al., 1995 o0me proapoptotic proteins, such as p53, cashase
and Fas L, are regulated by i¢B and contain NfB response elements in their
pronoters(Connolly et al., 2000)However, the oxidative signaling always triggers the

activation & NF-kB during apoptosigBaeuerle and Henkel, 1994)
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2.5.3 Interferon and itsantiviral action

Interferons (IFNs) are a large family of multifunctional cytokines involved in
antiviral defense, cell growth regulation, and immune activation. The IFNs are commonly
classified into two distinct types. Type | IFNs, including tFahd IFN3, are produced in
direct response to virus infection. IfeNs predominantly secreted by leukocytes, and
IFN B by fibroblasts. Type Il IFNs are also known as immune IFN ¢;NWhich is only
synthesized by certain cell types of the immune sysseich as activated T lymphocytes

and natural killer cellg¢Vilcek and Sen, 1996)

IFN o/p are among the first line of host defenses against viral infection. The
induction of IFN is generally assumed to be elicited by viral dsRNA, and it occurs
primarily at the level of transcription initiation, in which MB is the key transcription
factor(Lenardo et al., 1989Dnce IFN/p is synthesized, it functions in both autocrine
and paracrine fashions to prevent the replication and spread of \(BBasber, 2001)
Extracelldar IFN o/p bind to cell surface receptors to trigger the activation of signal
transduction pathways, through a phosphorylation cascade, and then induce the
expression of IFNesponsive genes. Three HiNucible gene products have been
shown to have antiral functions, namely, Mx proteins, the-2’-oligoadenylate
synthetase system-BA synthetase), and the dsRMNtivated protein kinase (PKR)
(Sen, 2001)Mx proteins are a family of related GTPase that inhibits viral polymerase
activity (Pavlovic and Staeheli, 199Both2-5 A synthetase and PKR antiviral pathways

play a key role in the intracellular regulation of protein synthesis, a powerful
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countermeasure of the host cell against viral infection. Expression of these enzymes is
induced by IFNs, but they are latent lafter activation of dAsSRNA. The activateeb2A
synthetase catalyzes the synthesis of short oligonucleotides with a general structure
ppp(A 2'p5’)nA., which will bind and activate RNase L to degrade both cellular and viral
RNAs, thus preventing proteinrayesigPlayer and Torrence, 199&ctivated PKR an
phosphorylate el2a, which switch off host cell protein synthe$izale, Tan, and Katze,

2000)

Because of the importance of Il in host antiviral response, many viruses
have evolved different strategies to subvert the IFN syEsamuel, 201) Both DNA
and RNA viruses encode inhibitors of IFN signaling pathway, such as a soluble IFN
receptor homologues (VIFRc) of poxvirugSmith, Symons, and Alcami., 199&he
E1A protein of adenovirué&Samuel, 2001xhe C proteingf Sendai virugGarcin,
Latorre, and Kolkofsky, 1999) and the NS1 protein of influenza A vir(@ang et al.,
2000) Some viruses encode proteins or viral RNA to counteract the function of
interferorinduced gene product§he bestcharacterized factors encoded by viruses are
those that block the function of PKR. For example, E3L and K3L of poxvirus, NS1 of
influenza virus, VAI RNA of simian virus (SV40), and NS5A of hepatitis C virus (HCV)

are capable of blocking PKR actiySamuel, 2001)

IFN o/p are essential mediators of apoptosis. IFNs can establish an antiviral state

that may result in either cell death orl&lrviving, depending on the stimulus, such as

the viral species involve(Barber, 2001) For example, with VSV infection, IFN inhibits
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viral repication and translation at very early step, which block vindsiced apoptosis.

When host cells were treated by dsRNA or influenza virus, IFN appears to sensitize cells
to apoptosis predominantly via the FADD/caspasggnaling pathway. IFN alone does

not induce apoptosis unless it is combined with dsRNA. PKR @&nA-2ependant

RNase L play key roles as effectors of apoptosis. Induction of apoptosis by PKR involves
el~2a and NFxB (Samuel, 2001)However, IFN aloa is able to induce caspakge3, 8,
subsequently enhancing the sensitivity of cells to vimdsiced apoptosi&Soodbourn,

Didcock, and Randall, 2000)

25.4 Interferon and apoptosisin fish

The study of interferon in fish is still in its infancy. The production of-1ks
adivity have been elicited in fish cells treated with polygdly (C) or virus infection
(Garner, Joshi, and Jagus, 2003; Nygaard et al., 2000; Trobridge et al., R&&Mtly, a
cDNA encoding interferon has been cloned from zebrafish. It has 15% and 14% identity,
over entire sequence, to human {e&Mnd IFN, respectively, but 25 and 24% identity
to human IFNa and IFN, respectively, when only compared with conserved domain
(Altmann et al., 2003) cDNAs encoding fish PKRs havetryet been identified, but its
substrate, el2a, was cloned from zebrafish and rainbow trout, which are 93% and 91%
identical to the human elb2respectivelyfGarner, Joshi, and Jagus, 200Bainbow
trout cells show increasing ele phosphorylation after IPNV infection, which implies
that the interferon/elFiZPKR response may be involved in lower vertebrates to protect

againstvirus infection. Schlezinger and coworkers first cloneddBHn fish, which
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binds the consensus binding sequence of humakB\#&nd is activated by aryl

hydrocarbon receptor agonig&chlezinger et al., 2000)

The apoptosis pathway in fish cells appears tsifdar to that in mammalian
cells. cDNA encodes caspa3®f zebrafish has been cloned and shown to have
approximately 60% identity with caspa3drom Xenopus, chicken and mamma(¥abu
et al., 2001)Overexpredgsn of zebrafish caspaseinduces apoptosis in fish fathead
minnow tailbud cells and in zebrafish embryos. Similarly, greasy grouper nervous
necrosis virus (GGNNV) induces apoptosis in sea bass (SB) cells, which requires both

caspase3 and caspase activties (Guo et al., 2003)

255 [PNV-induced apoptosis

Little research has been done to deternfiffeNV induces apoptosis in infected
fish. Eleouet and coworkers found that IPNV induced apoptosis in rainbow trout muscle
cells, but not in pancreatic ce(Eleouet et al., 2001Whether IPNVinduced apoptosis
play a role in viral pathogenesis has not been stutdedt information about IPNV
induced apoptosis has been obtaimedtro. IPNV can cause both necrosis and
apoptosisn the CHSE cell line, and apoptosis precedes nedideizg et al., 1998)
Mcl-2, a member of the B& gene family having the capacity to promote cell viability,
was found to decrease markedly in cells undergoing apoptosis after IPNV infection
(Hong, Hsu, and W, 1999) Bad, a preapoptotic factor also belonging to Beifamily,

is induced by IPNV infection in CHSE celldong and Wu, 2002)Ihese results suggest
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that IPNV infection may involve the B@ family regulated apoptosis pathway. VP5 of

IPNV contains domains of BH1, BH2, BH3 and BH4 of Bdhomologue, but lacks the
transmembrane region. Recently, Hamgl coworkers developed a stable CHSE cell line
expressing VP5, which shows increased cell viability after virus infection, suggesting that

VP5 is a novel antapoptosis gene of the B2lfamily (Hong, Gong, and Wu, 2002)

2.6 Current status of research and questions that remain

Although IPN disease is a serious problem in the aguaculture industry, little is
known about the molecular basis of virulence and persistence in IPNV. As more genetic
information of IPNV becomes avalble, it become clear that VP2 contains that the
determinants of virulence. However, which residues of VP2 are pertinent and whether
other proteins besides VP2 are involved in virulence or persistence remain unknown. An
additional question is how IPNV los@irulence after serial passage in cell culture. Is it
because the substitution of residues, which favor virus growth in cell culture, impairs its

ability to infect fish?

There are many basic questions that remain to be answered. What is the nature of
virus receptor that triggers host entry? It is likely that common receptors are shared
among different fish species, since IPNV can infect large number of fish species.
However, specific receptors for virus entry should also exist because same strai of IPN
can infect and cause disease in some fish species but not the others. Is it due to cell

tropism? Which factors are involved in persistent infection? What is the function of VP5
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invivo? What is nature of IPNNhduced apoptosis, and does it play a roleiial
pathogenesis? The answer to all these questions would facilitate our understanding of

IPN disease, and finally control of this disease.
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Chapter 3
Characterization of two putative non-structural proteinsin Infectious

Pancreatic Necrosisvirus

ABSTRACT

Infectious pancreatic necrosis virus (IPNV), a member oBthsaviridae family,
encodes an arginingch basic, 15Da protein, known as VP5, which is not essential for
virus replicationin vitro. Previously, we have shown that in the Sp strairesgtis a
presence of a prematureframe stop codon (UGA) at nucleotide position (nt) 427,
preceding the &Da VP5 stop codon at nt 51%hivappa, Song, and Vakharia, 2008)
order to characterize the different forms of VP5, we used the reverse gepetiacipto
generate the recombinant viruses rNVI15, rINVIEK and rNVI15AVP5, which could
encode either TRDa VPS5, 15kDa VPS5, or be deficient in VP5, respectively. On the
basis of Western blot analysis and immunofluorescence assay, VP5 was detected in
rNVI15 and rNVI1515K infected cells but not in the cells infected with NVVABP5.
Surprisingly, both rNVI15 and rNVIFA5K infected cell lysates yielded identicalkBa
bands, but lower amounts of this-EBa protein were observed in rNVHBfected cdb
in comparison to rNVI185K infected cells, suggesting that the opal stop codon at nt
427 in rNVI15 could be read througin vitro transcription and translation of these 15
kDa and 1ZDa (keeping the nt 511 position stop codon) open reading frankds) (O
under control of a T7 promoter revealed the expression of th®aprotein band by

both constructs. This result further confirmed the suppression of tkBd. ¥ P5 stop
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codon at nt 427 in rNVI15. All three recombinant viruses show similar replicatio
kinetics in both Chinook salmon embryo (CH3H4) cells and rainbow trout gonad
(RTG-2) cells. Moreover, in the Sp strains, IPNV segment A could encode a novel,
putative 25kDa protein from another ORF between the VP2 and VP4 coding regions.
We could no detect the 2&Da protein in virusnfected cells, however, we could

recover a mutant virus, rSplA25K, lacking the 2&kDa ORF. The mutant virus

exhibits similar replication kinetic as wild type Sp122, indicating that whether or not the

25«kDa proteinis made by the virus, it is not essential for virus replication.

INTRODUCTION

Infectious pancreatic necrosis virus (IPNV) is the prototype virus of the family
Birnaviridae and belongs to tha&quabirnavirus genugDobos, 1995a)lt is the major
cause of infectious pancreatic necrosis (IPN) disease in juvenile rainbow and brook trout,
as well as Atlantic salmon. Highly vlent strains of IPNV can cause greater than 90%
mortality in hatchery stocks less than 4 month old. Survivors of infection can remain
persistently infected and serve as reservoirs of infe@aAllister, Owens, and
Ruppenthal, 1987)The IPNV genome consists of two segments of destiodended
RNA that are surrounded by a singleelled icosahedral capsid, 60 nm in diameter
(Dobos, 1976)The smaller genomic segment B encodes VP 1;kD&4minor internal
protein, which is the putative RNédependenRNA polymeras¢Duncan et al., 1991)n
virions, VP1 is present as a free polypeptide, as well as a gdimkae protein, VPg

(Calvert, 1991)Segment A encodes a Rba precursor protein in a single large open
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reading frame (ORF), wth is cotranslationally cleaved by the viral nonstructural (NS)
protein, VP4, to generate mature VP2 and VP3 structural pr¢eatms, 1977)The
active residues responsible for VP4 protease activity have been identified, and the

cleavage sites of the polyprotein have been lod&tett et al., 2000)

Segment A also encodes an arginiioh, 15kDa protein, called VP5, from a
small ORF, which precedes apdrtially overlaps the major polyprotein ORF. This 15
kDa protein has been detected in IRMNected cell§fMagyar and Dobos, 1994a)
Weber and coworkers generated a M@ficient mutant virus using reverse genetics and
demonstrated that this proteinnst essential for viral replication (Weber et al., 2001).
The function of VP5 in infected fish is not known, but it has shown that VP5 of IPNV
contains Bcl2 homologue domains and confers @agoptotic function when
overexpressed in CHSEL4 cells(Hong, Gong, and Wu, 20023imilarly, in infectious
bursal disease virus (IBDV), another member ofBhieaviridae family, segment A
encodes a XKDa NS protein (from a small ORF), which is found in IBiDWected cells
(Mundt, Beyer, and Muller, 1995t was shown that this NSqdein is not required for
viral replication but plays an important role in viral pathogenesis and ividused
apoptosisn vitro (Yao, Goodwin, and Vakharia, 1998; Yao and Vakharia, 200018
expression of VP5 induces cell lysis and may play an important role in the release of

IBDV progeny(Lombardo et al., 2000)

There are two distinct serogroups of IPN¥s@jnated serogroups A and B.

Serogroup A comprises nine serotypes that are pathogenic to fish, whereas, serogroup B
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comprises one serotype isolated from mollysk and Way, 1995)Recently, our

laboratory has cloned and sequenced several field isolates belonging to the Sp serotype
(Santi, Vakharia, and Evensen, 2003; Shivappa, Song, and Vakharia, 200@) of

these isolates encode thekiBa VP5, whereas, other isolates have a premature stop
codon at nt 427 that could encode a putativ&Da VP5, lacking the BH2 domain of

Bcl-2 homologu€Hong, Gong, and Wu, 20025equence data also revealed a putative
25kDa ORF, which is present only in Sp serotype and ha&d@l@ntity and 44.7%
similarity to a Drosophila Xvirus (DXV) 27-kDa protein(Shivappa, Song, and Vakharia,
2003) This putative protein contains two basic, argiriiel, bipartite nuclear targeting
sequence motifs. However, it is not known whether thisepras expressed in the

infected cells or if this ORF is required for viral replication.

Therefore, in order to characterize the expression of these two nonstructural
proteins and determine their role in viral replication, we prepared sppecfic antisra
against these proteins and constructedlé&nyth cDNA clones of segments A and B of
IPNV serotype Sp strains, NVI15 and Sp122. Using the clRbiged reverse genetics
system, we recovered the parental vijijde IPNV and three mutant viruses, including
the ones that lack the expression of eithekD& or putative 2%kDa nonstructural
protein. In this report, we describe whether thedt2l5kDa VP5 protein and putative
254kDa nonstructural protein are synthesized in infected cells and investigate the
replication kinetics of the recovered IPNVs in both Chinook salmon embryo (CHSE) and

rainbow trout gonad (RTQ) cells.
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MATERIALSAND METHODS

Célls, viruses and sera. Chinook salmon embryo cells (CHSH4 ATCC CRL1681)

were maintained at 15°C minimal essential medium containing Hanks’ salts and
supplemented with 10% fetal bovine serum (FBS) and used for propagation of the field
isolates and recombinant viruses. Rainbow trout gonad {RTsélls (ATCC CCL55)

were grown in E15 medium supplemesd with 10% FBS at 15°C. Field isolates,

Spl22, NVI15 and NVI20, which belong to Sp serotype were used in this study. Sp122
were obtained from field outbreaks of IPN in northwestern Norway in 1998, and the latter
two isolates in 2000. Sp122 can cause t¥ulative mortality in Atlantic salmon pest
smolts(Shivappa, Song, and Vakharia, 2008oth NVI15 and NVI20 isolate are highly
virulent and cause as much as 90% mortality in challengd&éanyti, Vakharia, and
Evensen, 2003) The genomic segments A and B of these viruses have been completely
sequenced; Sp122 and NVI15 could encode-kO2VP5 progin, whereas, NVI20

encodes a 1&Da VP5 protei(Santi, Vakharia, and Evensen, 2003; Shivappa, Song, and
Vakharia, 2003) The viruses we propagated in CHSE or RTG cells, and viral double

stranded RNA was extracted as descrid&b and Vakharia, 1998)

The polyclonal rabbit aiPNV Sp seotype serum was prepared by repeated
injections of the purified virus particles to the rabbit. To prepare rsproific antisera
against the 1'kDa and 25Da nonstructural proteins, peptides correspondingto N
terminal of 15kDa protein (NH2*°RDWI SKHPGRHNGETHLKT?®- cooH), and Gterminal of

putative 25kDa protein (NH2**’RVGHRRGHTLRGRQHVLHC®-COOH) were
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custom synthesized, and used for repeated immunization of individual rabbits to obtain

antrVP5 and antR5K polyclonal antibodies, respectiveBig-Synthesis)

Construction of full-length cDNA clones. Construction of fullength cDNA clones
containing the entire coding and noncoding regions of IPNV, RNA segments A and B
were prepared by standard cloning procedures as described pre(¥ashnd

Vakharia, 1998) On the basis of the published IPNV sequence of the Sp strains, several
primer pairs were synthesized and employed ifFFCR amplifications (Table-B). To
generate cDNA clones of segment A of NVI15, two primer pairé§NC plus A-

KpnR, and AKpnF plus A3’'NC) were used for RIPCR amplification (Table-3).

Using genomic RNA as a template, desired overlapping cDNA fragments of segment A
were synthagzed and amplified in accordance with the supplier’s protocol (Perkin
Elmer). Amplified fragments were cloned into theoRl site of the pCR2.1 vector
(Invitrogen Corp.) to obtain plasmids pCR15A5’ and pCR15A3’, which were used for
sequence analysis. Thgrlasmids pCR15A5" and pCR15A3’ were double digested with
restriction enzyme paigsbal plus Kpnl andKpnl plus Pstl to release 5end and 3'end
fragments. These fragments were then cloned betweetb#handPstl sites of pUC19
vector to obtain plasmidUC19NVI15A. This plasmid contains a fidingth copy of
segment A, which encodes all the structural proteins {VP2), NS protease (VP4), 12
kDa polypeptide (VP5), and putative-RBa ORF (Fig. 3L.). A similar approach was

used to construghe fulklength cDNA clone of Sp122 segment A, designated

pUC19Sp122A.
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Table 3-1. Oligonucleotides used for construction of fidhgth cDNA clones of IPNV

serotype Sp genomic segments A and B

Nucleotide sequence Orientation Designation  Nucleotide
no.

TAATACGACTCACTATAGGAAAGAGAGTTTCAACG + A-A5’'NC 1-18
GGCCATGGAGTGGTACCTTC - A-SpKpnR 15841603
GAAGGTACCACTCCATGGCC + A-SpKpnF 15841603
AAAGCTTCTGCAGGGGGCCCCCTGGGGGGC - A-SpPstR 30793097
CCATATGCGGTGTGAAATACCG + pUC19 482-503
pUCNdeF
CAATCTATATCAATAC AAGATGAA + A-VP5AF 100123
GTTCATCTTGTATTGATATAGATTG - A-VP3AR 123100
CTCCTTTGGTCACCAGCT - A-BstER 582599
GTCAACAACCAGCTGGTGACC + A-BstEF 572592
GAATTCCTCTAACTATGTCTCTCCAGCCCAGGCCTTTG - A-25Kdelta 14371475
EcoRR
TAATACGACTCACTATAGGAAACAGTGGGTCAACG + B-B5'NC 1-18
GTTGATCCCCGTCTTTGCTTCG - B-SpBIR 16431622
CTTCCTCAACAACCATCTCATG + B-SpBIF 15291550
AAGATCTGGGGTCCCTGGCGGAAC - B-BgI3'NC 27662783

* Composition and locations of the oligonucleotide primers used feP&R and cloning
are shown. T7 pronter sequences are italicized, the vigpecific sequences are
underlined, and the restrictions sites are in bold. The positions where the primers bind
(nucleotide number) are according to the known sequences of IPNV Sp serotype
sequenced previous{$hivappaSong, and Vakharia, 20Q3)rientation of the virus

specific sequences of the primer is shown as sense (+) or antigense (

46



IPNV
Segment A

pUC19NVI15

pUC19NVI1515K

pUC19NVI15AVP5

pUC19Sp122A25K

pUC19NVI15B

pUC19Sp122B

421

511

UGA ““UGA
12 K :, 25kDa ?
VF VP4 VP:
1 508 734
| |
B B E K
A
12 K | 25kDa ?
VP2 VP4 VP3
15K 25kDa ?
VP2 VP4 VP!
ATA
\ 4 25kDa ?
VP2 VP VP:
1 CTG TAG
12K | ! vy
VP2 VP4 VP!
| vP1
| VP1

47

972



Fig. 3-1. Schematic gesentation of IPNV cDNA constructs for the generation of-plus
sense RNA transcripts using T7 RNA polymerase. Plasmid pUC19 NVI15 encodes the
polyprotein (VP2VP4-VP3), a 12kDa protein and a putative 2®a polypeptide of

IPNV Sp serotype, NVI15. PlasmgUC19NVI1515K encodes a tkDa protein instead

of 12-kDa. In plasmid pUC19NVIIAVPS5, the initiation codon of a #Da gene is
mutated to ATA. In plasmid pUC19Sp12A25K, the initiation codon of the 2Da gene

is replaced by CTG, and a stop codon (TA&Gntroduced 1$ucleotides downstream of
the CTG. Plasmids pUC19NVI15B and pUC19Sp122B encode the-ddgaAndent RNA
polymerase (VP1) of strains NVI15 and Sp122, respectively. All the plasmids contain a

T7 promoter sequence at their 5’ends.
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To construta cDNA clone of IPNV segment B, two pair of primer88'NC
plus B-BIR and BBIF plus BBgI3’'NC were synthesized and used for-RCR
amplification (Table 3L). The amplified fragments were cloned into pCR2.1 vector as
described above to obtain plasmid3Ri15B5’ and pCR15B3’. To construct fiéingth
cDNA clone of this segment, the-8hd fragment of IPNV (from plasmid pCR15B5’
fragment) was first cloned intécoRI site of pUC19 vector to obtain pUC15B5’. Then
the 3-end fragment of IPNV (from plasmid pCBR3’) was inserted between the unique
Mfel and Sphl sites of plasmid pUC15B5’ to obtain plasmid pUC19NVI15B, which
encodes VP1 protein (Fig-13. A similar approach was used to constructlgrigth

clone of Sp122 segment B, pUC19Sp122B.

The 5-end of NVI20 segment A was also amplified by APICR as described
above, and the amplified fragment was cloned into pCR2.1 to obtain plasmid pCR20A5".
Plasmid pUC19NVI18L5K was prepared by replacingEll fragment in plasmid

pUC19NVI15A with the respectivBstEll fragment derived from plasmid pCR20A5'.

Two primer pairs (pUCNdeF plus VBR and VPAF plus ABStER) were
designed to construct a mutant cDNA clone of segment A lacking the initiation codon of
the VP5. These primers were used for PCR amplificatidineoparent plasmid
pPpUC19NVI15A, which yielded DNA fragments of 353 bp and 463 bp, respectively.
These fragments were combined and subsequently amplified by PCR, using the flanking
primers (pUCNdeF and-BstER) to produce an 816 bp fragment. This fragnaergt

cloned into pCR2.1 vector to obtain plasmid pGMR5. This plasmid was digested with
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Ndel andBstE II, and the resulting fragment was cloned into appropriately cleaved
pPUC19NVI15A. The final mutant clone of segment A was designated pUC19NVI15

AVP5 (Fig.31).

To construct a mutant cDNA clone of segment A lacking the initiation codon of
the 25kDa polpeptide, a pair of primers (BstEF plus A25KdeltaEcoRR) was
synthesized and used for PCR amplification of the parent plasmid pUC19Sp122 A (Table
3-1). In primer A25K delta ECORR, the initiation codon of-RBa polypeptide was
replaced by CTG, and a gteodon (TAG) was introduced 19 nucleotides downstream of
the CTG. The PCR product was cloned into the pCR2.1 vector to produ¢€pKR
This plasmid was digested wiBStE Il and EcoRI enzymes and the released fragment

was inserted into plasmid pUC19Sp2220 obtain pUC19Sp12225K (Fig. 31).

DNA from the abovanentioned plasmids was sequenced by the dideoxy chain
termination method, using an automated DNA sequencer (Applied Biosystem), and the
sequence data were analyzed using PC/Gene (Intelligenstitware. The integrity of
the full-length constructs was tested by an in vitro transcription and translation coupled

reticulocyte lysate system using T7 RNA polymerase (Promega Corp.).

Transcription and transfection of synthetic RNAs. Plasmids pUCI9VI15A,
pPpUC19NVI1515K, pUC19NVI15AVP5 and pUC19Sp12225K were linearized by

Pstl, whereas, pUC19NVI15B and pUC19Sp122B was digestdrghbly Further
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treatments were carried out as described previg¥sly and Vakharia, 1998The

linearized DNA was used to produicevitro transcripts with T7 mMessage mMachille

kit (Ambion) according to manufacturer’s instructions. Briefly, approximatety 3
linearized DNA emplate was added to the transcription reaction mixtund)(20

containing 40mM TrisHCI (pH 7.9), 10mM NaCl, 6mM MgGJ] 2mM spermidine, 0.5

mM ATP, CTP and UTP each, 0.1 mM GTP, 0.25 mM cap analog [m7G (5°) ppp (5) G],

120 units of RNasin, 150 units TMNR polymerase, and incubated at 37°C for 90 min.

CHSE214 cells grown to 90% confluency in &5 flask were transfected with
cRNA of both segments as described previously (Yao and Vakharia, 1998). Briefly, cells
were washed once with phosphbtdfered sline (PBS). Three milliliters of OPAWEM
| (GIBCO/BRL) were added to the monolayer, and the cells were incubated at room
temperature (RT) for 1 hr. Simultaneously, 0.15 ml of G®MEM | was incubated wit
12.5ug of lipofectin reagent for 45 min in a polystyrene tube at RT. Equimolar amounts
of RNA transcripts of segments A and8B8ug each), resuspended in 0.15 ml of diethyl
pyrocarbonatdreated water, were added to the ORIEM/Lipofectin mixture, mixed
gently, and incubated on ice for 5 min. After removing the @REM | from the
monolayers in 125 flask and replacing it with a fresh 1.5 ml of ORMEM, the nucleic
acid-containing mixture was added drapse to the CHSE cells and swirled gently. After
3 hr of incubation at RT, the mixture was replaced with minimal essential medium
containing Hanks’ salts and 10% FBS (without rinsing the cells). The cultures were
incubated at 15°C for 5 days, and the cell supernatant was harvested bytfaeeng

twice, and passaged onto fresh CHSE monolayers. Cytopathic effect (CPE) usually was
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visualized 4 days after the second pass. All the recombinant viruses were then passaged
into CHSE once more, the cells were fredzved twice, and the cdllee supernatants
were stored af70 °C for use as virus stocks in this work. The identities of recovered

viruses were verified by RIPCR, using specific primers for IPNV segment A.

Immunofluorescence. Infection of CHSE cells by the recombinant viruses were
analyzed by immnofluorescence assay (IFA) using rabbit-&Rb specific serum.

Briefly, CHSE cells were infected with IPNV viruses at an MOI of 1 and incubated at
15°C. At 16 hr postinfection, cells were washed twice with PBS and fixed with 4%
paraformaldehyde for 30imat RT. Cells were permeabilized with 0.1% Tr#b®0 for

10 min at RT, then incubated with ami®5 diluted 1:100 in PBS containing 2% BSA for
1 hr. After being washed with PBS, the cells were treated with fluorelst®sted goat
antirabbit antibody ©1:1000 dilution (Kirkegaard & Perry laboratories) and examined

by fluorescence microscopy.

Growth curve and plague assay. To analyze the growth characteristics of IPNV,
confluent CHSE or RT& cells (in 35mm dish) were infected with the recombinant
viruses at MOI of 1 (for rNVI15, rNVIIA5K and rNVI15AVP5) or MOI of 0.01
(rSp122A25K and Sp122). Aliquots collected at various time points were stored at
-70°C. Supernatants were centrifuged and titrated on CHSE cells by plaque assay.
Briefly, confluent monolayers of CHSE cells grown in-giell plates were infected with
serially diluted supernatants from virus stock. After 1 hr incubation at 15°C, cell was

washed once with PBS and overlaid with 0.6% SeaPlaque Agrose (Difco) in Eagles
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MEM mediumcontaining 5% FBS and 1%dlutamine. After 3 days of incubation at
15°C, the overlays were removed and the cells were fixed and stained with a solution
containing 25% formalin, 10% ethanol, 5% acetic acid, and 1% crystal violet for 5 min at

RT. After ringng the cells with distilled water, the plaques were counted.

Immunaoblot Analysis. To analyze viral protein synthesis during single round
replication, RTG2 cells grown in évell plates were infected with the wild type or
recombinant IPNVs at MOI of 1@t indicated time intervals, the cells were scraped off
the plates, and sedimented by centrifugation. The cells were washed twice witldice
PBS, resuspended indf PBS and mixed with an equal volume of 2 X SDS sample
loading buffer (100mM TriCl pH 6.8, 200mM DTT, 4% SDS, 0.1% bromophenol blue,
10% glycerol). The samples were then boiled for 5 min, and centrifuged at 13,0009 for 3
min. The supernatants weremdd at-70°C. For immunoblotting, total protein from the
cell lysates were separated by sodium dodecyl sytiatiacrylamide gel electrophoresis
(SDSPAGE), using 5% stacking and 12.5% resolution gels, and proteins were
transferred to a nitrocellulose mbrane for immunoblot analysis. After electrotransfer,
the membranes were blocked in the blocking buffer, 5% nonfat dry milk ibtifiered
saline (TBS) (150mM NaCl, 10mM Te@&l, pH 7.5) for 90 min at RT. The membranes
were incubated for 60 min in 10 of a 1:400 dilution of a rabbit aAfPNV polyclonal
antibody or 1:200 dilution of arn¥P5 in blocking solution, and then washed for 3 X
15min in 1 X TBS (0.1%Tween in TBS buffer). The membranes were then incubated
with a 1:25000 dilution of a horseraddiperoxidase (HRPjonjugated antiabbit IgG

(Amersham Pharmacia Biotech) for 60 min and then washed 3 X 15min as above. The
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detection of IPNV structural proteins or VP5 was performed by enhanced
chemiluminescence (ECL) western blot detection system (gtraer Pharmacia Biotech

Inc.). The membrane was stripped in 0.1M glycine buffer (pH 3.0) for 30 min and

blocked again as described. The membranes were subsequently probed for actin using an
antiactin polyclonal antibody (Sigma). The protein was quantifigdadiograph

densitometry of the VP3 protein band using NIH image software.

In vitro expression and protein labeling. To prepare a recombinant expression plasmid,
the VP5 coding regions in plasmid pUC19NVI15A and pUCNVIBK were amplified
by PCR usig a pair of oligonucleotide primers:

SpNSHindF (5GAAGCTTATGCAAGATGAACAC —3') plus SpNSBamR (5’

AGGATCCTCAGACAGACTGCCC-3’). The PCR products were cloned into a pCR2.1

vector and sequenced. The fragments were further cloned irtritid and BamHI

cloning sites of the eukaryotic expression vector pcDNA3 (Invitrogen), downstream of
the T7 promoter and human cytomegalovirus (HCMV) promoter, to produce pcDNA
15KVP5 and pcDNA12KVP5 respectively. A similar approach was used to generate
pPcDNA-12KVP5¢(), in which 12kDa VP5 ORF was inserted into pcDNA3 in an

opposite orientation to obtain pcDNE2KVPS5. In vitrotranscription and translation was
performed using the TNT Quick Coupled Transcription/Translation System as described
by the manufacturer (Promegdariefly, the DNA template (21g) was added to a tube
containing TNT buffer*>S labeled methionine, amino acid mix (minus methionine),
water, reticulocyte lysate, and T7 polymerase. The mixture was then incubated at 30°C

for 90 min. After incubation, alupts of 1@ were submitted to SDBAGE. The gel was
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fixed with a mixture of 30% methanol and 8% acetic acid for 30 min followed by
EN®HANCE solution (Biotechnology Systems, NEN Research Products) for 45 min,
dried and exposed to film overnight-@a0°C for autoradiography. The film was

developed using an automated film processor (KodailRXR

RESULTS

Construction of full-length cDNA clones. To determine the role of two minor ORFs in
replication, we constructed the fldingth cDNA clones of segmemsand B of IPNV

strains NVI15 and Sp122, as shown in Fig..3Using parental clone pUC19NVI15A as

a backbone, two mutant cDNA clones of NVI15 segment A were prepared. In plasmid
pUC19NVI1515K, aBstEll-fragment (nucleotides 24 to 586) of the pareni@dmid

were replaced with a simil&stEll-fragment of IPNV strain NVI20, which does not
contain a premature stop codon at nt 427 (F&2GA). Thus, this chimeric clone

encodes a 1&Da VP5, but does not contain any additional mutation in either VP2 or
VP5. Previously we have shown that one of the field isolates, NVI10, does not encode
VP5 protein as it contains ATA instead of AFGhe initiation codon of VP5 (Santi, et

al., 2003). Using sitdirected mutagenesis, we prepared plasmid pUC19NXWB5,

which lacks the initiation codon for VP5 expression. To determine whether the putative
25kDa OREF is essential for viral replication, we constructed another clone,
pUC19Sp122A25K, in which the first and only initiation codon of-RBa protein was
mutated taCTG, and a stop codon (TAG) was introduced 19 nucleotides downstream of

the CTG. The functionality of all these clones was tested by in vitro transcription
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coupled translation reactions, which yielded protein products that comigrated with the
marker IPNVproteins after separation on SIPAGE and autoradiography (data not

shown).

Transfection and recovery of mutant viruses. In order to recover the recombinant
viruses, we transfected CHSE cells with combined-pamse transcripts derived from
various plamids as described previouglyao and Vakharia, 1998As expected,

rNVI15, rNVI15-15K and rNVI15AVP5 were rescued from the transcripts derived from
wild-type a modified segment A and NVI15 segment B. AKkIBa-deficient mutant

virus, rSpl122A25K, was also generated by transfection with the transcripts derived from
pUC19Sp122A25K and pUC19Sp122B. To verify all the mutant viruses are indeed
recovered from the cRAE, the genomic RNA was isolated and analyzed byPRR

using a primer pair specific for segment A. Sequence analysis of the cloned PCR
products confirmed the expected nucleotide mutations from the mutant viruses. To detect
expression of 1&&Da protein, CFBE cells were infected with the recovered viruses and
analyzed by immunofluorescence assay (IFA) usingl&specific antiserum. Cells
infected with rNVI15 and rNVI18.5K gave positive immunofluorescence signals that
confirmed the expression of kBa prdein. The fluorescence of the-kBa protein was
seen in the cytoplasm, mainly within the prenuclear region (F2tp, 32c). Cells

infected with rNVI15AVP5 did not give any fluorescence signal, nor did miodécted

cells (Fig. 32d, 32a). Similarlyto detect the expression of putativeKI3a protein,
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Fig. 3-2. Immunofluorescence staimg of IPNV-infected cells to detect the expression of
the 15kDa protein. CHSE cells were infected with rNVI15 (b), rNVALEK (c),
rNVI15-AVPS5 (d) virus stock at an MOI of 1. Uninfected CHSE cells were used as
negative control (a). After 16 hr post infiect, the cells were fixed, permeabilized and
analyzed by immunofluorescence staining with rabbit Bs#tDa proteinspecific

serum.
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CHSE cells were infected with the parental or recovered IPNVs and analyzed by IFA
using 25kDa-specific antiserum. No imunofluorescence signal was obtained in virus
infected cells, although this antibody is capable of deteé&tiiegli expressed 2&Da
polypeptide by Western blot (data not shown). These results suggest thakbe 25
protein is not synthesized in viriusfected cells, or is expressed below the detection level

of the antibody.

Characterization of recombinant virusesin vitro. To compare the replication kinetics

of the recovered viruses, both CHSE and RIGells were infected by these viruses at
MOI of 1. At the indicated time points, the supernatants from infected fish cells were
collected and titrated in CHSE cells by plaque assay. Figure 3 depicts the growth curves
of rNVI15, rNVI15-15K and rNVI15AVPS in CHSE (Fig. BA) and RTG2 cells (Fig.

3-3B), respectively. These viruses grew to similar titer in CHSE cells, which is in accord
with the results of Weber and coworkers, who could not detect any difference in growth
among the recombinant VRIeficient mutants and wild type IPN\Weber et al., 2001)
These viruses showed a slight delay in growth in CHSE cells as compared® RTG
cells. Cytopathic effects (CPE) appeared earlier in R1g8lIs than in CHSE cells, but

the final titers of all viruses wemmne log higher in CHSE cells than in RRXells. In

order to determine if the 28Da ORF can interfere with virus growth, CHSE cells were
infected with both wild type Sp122 and rSpt225K at MOI of 0.1. The mutant virus
showed no difference in replidamh kinetics when compared with wild type virus at any
time point (Fig. 33C), indicating that this putative 28a ORF is dispensable for virus

replication.
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Fig 3-3. Growth cuves of the recombinant and witgpe IPNVs. Monolayers of CHSE

cells (A and C) or RT& (B) cells were infected with various recombinant viruses at a
MOI of 1(A and B) or at MOI of 0.01 (C), harvested at the indicated time points, and
virus titers were dermined by plaque assay. Average titers and standard deviation (error

bars) from three independent experiments are shown.
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Expression of viral proteinsin infected RTG-2 cells. Since all the recombinant viruses
show delayed growth in CHSE cells, singdemd replication of IPNV ilRTG 2 cells

was carried out to study the synthesis of viral proteins.-RT@lls grown in évell

plates were infected by IPNVs at MOI of 10, and cell lysates were collected at the
indicated time points and subjected to SBSGE Figure 34A shows the results of a
Western blot analysis indicating the expression ek& protein at sour time intervals
postinfection (p.i.). As expected, the-kBBa polypeptide was present in rNVHLSK
infected cells. However, in rNVItmfectal cells, instead of a #2Da band, a 1%&Da
band was detected by the rabbit d@rfitkDa serum and its expression level was lower
than the rNVI1515K infected cells, indicating that the stop codon (UGA) at nt 427 is
readthrough. Of course, in rINVIZAVPS5 infected cells, there were no-kba or 12

kDa protein bands detected. To further characterize the synthesikbal&otein, the
early time points postinfection were selected-at Bme intervals (Fig.-3B). The

results indicate that the synthesislé-kDa protein in rNVI1515K infected cells started
at 6 hr p.i., reached its peak rate of synthesis around 12 hr p.i., and decreased thereafter.
The reaethrough product, 1XkDa polypeptide of rNVI15, appeared at 8 hr p.i., two hour
later than that ofNVI15K-15K, but reached its peak expression at same time as
rNVI15K-15K, around 12 hr p.i., and decreased thereafter. Compared with their
expression level at peak expression time point, 12 p.i., the amounkdfalprotein
synthesized in rNVI15 infectecklis is eightfold less than in rNVI1BL5K, suggesting

that the readhrough efficiency at this 427 nt stop codon is abou20%. The

expression of VP3 in all the viruses was similar and it initiated at 4 hr p.i., which is

consistent with the result ofgwvth curve shown above.
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Fig. 3-4. Western blot analysis of IPNWfected cells. RT& cells were infected with
the recombinant viruses at a MOI of 1. At indicated time interval, cell lysates were
collected and the proteingere separated by SEFFAGE. (A) The membrane was
incubated with artl5kDa-specific serum. (B) Membrane was cut in half along the
marker of 22kDa, the upper part was incubated with 4RV polyclonal antibodies,
and the lower part was incubated withigkb-kDa antibody. The upper part membrane
was stripped and restained with aattin polyclonal antibodies to determine the

expression level of actin, and used as a control.
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Using polyclonal antR5kDa-specific antibody, we were unable to detect tkgression

of 25-kDa protein either in CHSE or RTG cells (data not shown).

In vitro VP5 expression in cell freelysates. To further demonstrate that the stop codon
at nt 427 is reathrough, we constructed two clones, pcDIIBKVP5 and pcDNA

12KVP5, in with the 15kDa ORF was inserted immediately after the T7 and CMV
promoters. The former clone has only one stop codon at nt 511, while the latter has both
stop codons at nt 427 and nt 511. The negative control, peDNA/P5 €) has the 12

kDa ORF insertechto pCDNAS3 in the opposite direction. Aftervitro transcription and
translation of these three clones, the radiolabeled proteins were fractionated-by SDS
PAGE. Both pcDNA3L5KVP5 and pcDNA3L2KVP5 could expressikDa protein, but

the density of the aatadiograph band is about fifeld greater in pcDNA3L5KVP5

than in pcDNA312KVP5 (Fig. 35). These results demonstrate that the stop codon at nt
427 can be reathrough in a celfree rabbit reticulocyte translation system. As in the

virus infected céllysate, we could not detect the specifiekI2a protein band.
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Fig. 3-5. Fractionation of ta [°S] -labeled 15kDa protein by a 12.5% SBSAGE. The

ORFs of 15kDa and 1ZDa proteins (keeping the nt 511 stop codon) were cloned into
pcDNA3 vector, under control of a T7 promoter to obtain pcBNKVP5 and pcDNA
12KVP5, respectively. Plasmid pcDNE2KVP5 ¢) was produced by inserting the-12

kDa ORF in pcDNA3 in an opposite direction. The plasmids were transcribed and
translated in a rabbit reticulocyte lysate system, and the translated protein products were
subjected to SD®AGE and autoradiographlyane 1 = protein produced by pcDNA
12KVP5 €) (negative control); Lane2 = protein derived from pcDN2KVPS5; Lane 3 =

protein product obtained from pcDNESKVPS5.
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Confirmation of genetic stability of recombinant IPNVs. To determine the genetic
stability of recovered IPNV# vitro, the viruses were serially passaged in RXGells

(up to ten times). A 1&kDa polypeptide could be detected in rNVI15 and rNV1BK,

but not in rNVI15AVPS5 infected cells when examined by immunostaining. Thkell&b
nonstructiral gene was amplified by RFFCR and the sequence analysis of the cloned
PCR product confirmed the expected nucleotide mutations in NS gene of the mutant
viruses, whereas, no mutation was detected in the PCR product of rNVI15, which

indicated that all thgiruses are genetically stable even after ten passages in cell culture.

DISCUSSION

We have developed the reverse genetics system for Sp serotype of IPNV and have
characterized two ORFs, encoding akZa polypeptide and a putative-Rba ORF,
which ovelap the main ORF. Our results demonstrate that the stop codon at nt 427 of
IPNV nonstructural protein (VP5) is rediarough to produce a 1Da protein, rather
than a truncated 1Da protein. The 2&kDa ORF, which is unique for Sp serotype, is

not exprased in the infected cells and is nonessential for viral replication.

Previous studies have shown that the expression of VP5 in strain VR299 is
initiated at the second-iname start codon at nt position 113, yielding &kD& protein
(Weber et al., 2001)However, results from our laboratories indicate that the avirulent
strains of Sp serotype encode akIa protein, whereas, the virulent strains contain a

truncated form VP5 protein gef®anti, Vakharia, and Evensen, 2003; Shivappa, Song,
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and Vakharia, 2003)In order to characterize the expression of thi¢ 3RDa VP5

protein, we consticted infectious cDNAs clones of the virulent IPNV strain, NVI15, and
generated VP5 mutant viruses. The rescue of the recombinant IPNVs was verified by RT
PCR, and by immunofluorescence using ankiDa-specific antibody. Growth kinetics

of the VP5 mutanviruses in CHSE and RT& cells was similar, which confirmed that

VP5 does not affect the rate of replication and it is dispensable for viral replication.
These results are agreement with Weber and coworkers, who also reported similar

findings in CHSE ells (Weber et al., 2001)

A similar growth curve in RT& cells indicates that VP5 is unlikely to play a
role in virus antinterferon activity. It is known that RT& cells can produce interferon
like activities when treated with dsRN@ robridge, Chiou, and Leong, 1997RTG 2
cells responds to IPNV infection and poly I:C treatment by increasing elF2alpha
phosphorylation, which implies that R¥Zcells express the interferamduced
elF2dphakinase, PKR(Garner, Joshi, and Jagus, 2008) three viruses show a similar
level of induction of elF2alpha phosphorylation after infection in RZT¢&lls (data not
shown), contributing further evidence that VP5 does ragt @lrole in antinterferon

activity in vitro.

The expression of a #Da rather than a 1RDa form of VP5 in rNVI15 virus
was unexpected. We propose that this opal codon at nt position 427-isreeagh. To
verify this, we usedn vitro transcripton and translation system to express the ORF of

both 15kDa and 1XDa proteins; we can only detect the expression oflkDEbprotein
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but not the 1&Da protein. This result confirmed that the stop codon at nt 427 is a very
weak stop codon, which can bEadthrough by the ribosome. However, it is not clear
why we could not detect the KPa protein in both viruenfected cells or in cefiree

translation system.

Readthrough of a stop codon can occur by the misincorporation of an amino acid
at the termination codon by natural tRNA, the most common amino acid encoded by the
readthrough of UGA is tryptophan, and of UAG is glutam(itarrell, Melcher, and
Atkins, 2002) Compared with the other two stop codons, UGA is less likely to provide
proper translation terminatidiviacBeath and Kast, 1998}t is well known that the
immediate upstream and dovream sequences surrounding the termination sequence
are important for reathrough efficiency. In mouse cells, an A in thkeposition is
always associated with the highest réfatugh level, whereas, a U is associated with the
lowest(Cassan and Rousset, 200Ihe 3’ termindon contexts of the form CAR'YA
confer leakiness was also identified in tobacco mosaic virus (TMV) fortheadgh to
synthesize a replicag8kuzeski et al., 1991The internal UGAC is a relatively poor stop
signal inE. cali (Poole, Brown, andate, 1995)similarly in yeast, the residue at +4
position of UGA and UAA stop codons were found to be important in termination
efficiency. Cytosine has lowest termination efficiency and guanine has the highest
(Bonetti et al., 1995)it was also shown that the signal for Sindbis virus-taaslgh
UGA stop codon involves a C at the +4 positjbnand Rice, 1993)Comparing the two
stop codons in VP5 ORF, UGA at nt 427 appears to be a weak termination codon because

it has A at-1, C and A at +4 and +6 respectively, whereas, the UGA at nt 511 would be

68



an optimal stop codon because it has a€land a G at +4, and does not have the
consensus CAR'YA immediately distal to the termination codon (Fig6 To our
knowledge, this is the first report suggesting that in fish cells a stop codethreadh

mechanism is conserved, similar to other prokaryocytes and eukaryotes.

Because of the limitations in genomic size, viruses often use thé¢hreagh of
internal temination codons to regulate the synthesis of two related polypeptides, which
are needed in different amounts. The suppression of leaky UAG in TMV results in
replicase synthes{Skuzeski et al., 1991For animal viruses, alphavirus RNA
polymease is expressed by UGA retlmlough(Strauss, Rice, and Stra,4.984) In
IPNV serotype Sp, the expression level of VP5 is regulated due to the presence of the
premature stop codon at nt 427. Whether the different VP5 expression is involved in
virus pathogenesis need to be further investigated. However, thesecitwenbinant
viruses cause similar cumulative mortality in Atlantic salmon smolts, indicating that VP5
is not involved in virulence (Santi, unpublished data). Study is under way to determine if

VPS5 is involved in viral persistent infection.

A putative QRF in segment A of Sp strain encodes &Pa polypeptide.
However, we were unable to detect thiskZ#a protein either by IFA or immunoblotting
using specific antibody. The success of rescuing the mutant virus lacking-#isa25
ORF indicates that it isot required for virus replication. Further work is required to
determine whether this protein is present in vindected fish, and if it has a function in

viral pathogenesis vivo.
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-1 +4 +6 -1 +¢
GAAAUA UGACAUCCAAA -------- UGUCUGAGGUGGAG

427 511

Fig. 3-6. Sequence contexts of tvetop codons in X&Da-protein gene. The position of
first nucleotide in UGA stop codon is designated as + 1, the position immediately

upstream of the stop codorH%, and the position distal to the UGA is + 4.
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Chapter 4
Molecular determinants of cell adaptation in I nfectious Pancr eatic

NecrosisVirus

ABSTRACT

Infectious pancreatic necrosis virus (IPNV) loses its virulence when passaged in
cell culture. However, the molecular basis of virulence in IPNV and its adaptation to cell
culture isnot known. In previous study, using the cRNA based reverse genetics system
developed for IPNV, we recovered the rNVI15, which shows more than 90% cumulative
mortality in Atlantic salmon. The recombinant virus was serially passaged in CHSE cells
nine timesto obtain a tissueulture adapted virus, rNVILI5TC. Complete nucleotide and
deduced amino acid sequences of this virus revealed only one amino acid substitution at
position 221 (Ala to Thr) of the VP2 protein. Comparison of the replication kinetics of
rNVI15 and rNVI15TC viruses in Chinook salmon embryo (CHSE) cells shows that the
cell culture adapted virus had two log higher titer and produced larger plaques than
rNVI15. However, when rNVI15 virus was passaged nine times in rainbow trout gonad
(RTG-2) cels, no amino acid changes were detected in both segments A and B. IPNV
strain Sp103 is an attenuated field isolate, which is completely sequenced in previous
study(Shivappa, Song, and Vakharia, 2008ompared with rNVI15, Sp103 exhibited
more rapid growth iketics and grew to a higher titer in both CHSE and RZT¢glls. To
determine the amino acid residues responsible for virulence and virus attenuation in cell

culture, two chimeric viruses, rNVINY/P2 and rNVI1515KAVP2 were generated, in
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which the residueat position 217 and 247 in VP2 region of the virulent rNVI15 and
rNVI15-15K viruses were replaced by the corresponding residues of the attenuated strain
Sp103, respectively. These two viruses have similar replication kinetics as Sp103,
indicating that raglues at 217 and 247 of VP2 may be the important markers for virus
adaptation and attenuatiamvitro. A reassortant virus rNVIZ25KAVP1, which

contains rNVI1515K segment A and Sp103 segment B, exhibited similar replication

kinetics as the virulent strain, suggesting that VP1 is not involved in virus cell adaptation.

INTRODUCTION

Infectious pancratic necrosis virus is the prototype virus of Bimaviradae
family. The genome of IPNV consists of two segments of destiolended RNA, which are
packaged in a nonenveloped icosahedral shell of 60nm in diameter. Segment A encodes a
106-kDa precursor pttein in a single large open reading frame (ORF), which is
cotranslationally cleaved by the viral encoded protease (VP4) to generate major capsid
polypeptide pVP2, and VR®obos, 1995a; Duncan et al., 198¥he pVP2 (6XDa) is
further cleaved to VP2 (5KDa) during virus maturatio(Dobos, 1977) VP2 is the major
outer capsid protein and is responsible for the production ofsfypeific neutralizing
antibody(Dobos, 1995a; Nicholson, 1993)P3 is anmternal capsid protein, which binds
to the virus RNA forming ribonucleoprotein core structiig@lmarsson, Carlemalm, and
Everitt, 1999) Segment A also encodes an argiriigd minor 17kDa NS prote (also
called VP5) from a small ORF, which precedes and partly overlaps the largébORtan

et al., 1987)This protein has been detected in infected ¢BlEgyar and Dobos, 1994a)
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Recently, Weber and coworkers have shown that VP5 is not essential for virus replication,
however, its function is still unknow(eber et al., 2001)Segment B encodes VP1, a 94
kDa protein, which is the virion assoi@d RNAdependent RNA polymeragPobos,

1995b; Duncan et al., 1991)his protein is found both as free polypeptide and covalently

linked to the 5’ ends of the genomic RNA segmég@tslvert, 1991)

IPNV is a pathogen that causes acute, contagious disease in young salmonid fish
as well as trou¢Wolf, 1988) IPNVs exhibit wide host ranges, and apart from salmonids,
they have been isolated from fish belonging to at least 32 different families, 11 species of
mollusks and four species of ctaseangHill and Way, 1995)There are two distinct
serograips of IPNV. Serogroup A comprises of 9 serotypes that are pathogenic to fish,
whereas serogroup B comprise one serotype, which is avirulent f¢Hflsnd Way,

1995) Within the same serotype, virulence varies among the gBaustind and Reno,

2000; Santi, VRharia, and Evensen, 2003; Shivappa, Song, and Vakharia, Fnt
studies in our laboratory have identified amino acids at positions 199, 217, 221, 247 and
500 of VP2 to be involved in virulence of IPNV. It was further narrowed down to
residues 217rad 221 by comparing complete deduced amino acids sequences of nine Sp
isolates that exhibit different mortality in Atlantic salmon fry (Santi, Vakharia, and
Evensen, 2003; Shivappa, Song, and Vakharia, 2003). However, to date, the use of
chimeric viruses gnerated by reverse genetics to pinpoint the residues responsible for

virulence has not been done.
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Earlier studies have shown that virulent IPNV lose their virulence potential after
serial passage in fish cdBorson, Castric, and Torchy, 1978; McAllister and Owens,
1986) However, the molecular basis for caflaptation and attenuation is not known,
because none of these viruses were cloned and characterized by sequencing. In a recent
study, Santi and coworkers cloned and sequenced an IPNV field isolate from infected fish
before and after propagation in celltaves and observed a substitution of residues at
position 221 (Ala to Thr), suggesting that this residue may be responsible for virus cell
adaptation(Santi, Vakharia, and Evensen, 2008)nce IPNV field isolates exist as
guasspecies, we believe it is possible that this substitution would allow this virus, which
may be a minor population, to grow efficiently in cell cult(isu, Chen, and Wu, 1995)
Therefore, to study the molecular determinants of IPNV cell adaptation, a cloned virus
generated by the reverse genetic approach would be an ideal candidate. Passage of
recombinant virus ircell culture and characterization of its genomic sequence would

allow one to identify markers of cell adaptation.

In this study, we serially passaged a recovered rNVI15 virus, derived from cloned
DNA, in cell cultures and identified residues involvedatl adaptation during passage in
CHSE cell. Furthermore, we generated chimeric viruses between the attenuated strain
Sp103 and virulent strains rNVI15 and rNV415K, by substituting two residues in
rNVI15 or rNVI15-15K with corresponding residues of $31VP2 or generating a
reassortant virus containing the VP1 protein of Sp103. By characterizing the recombinant
viruses in two different cell lines, we identified specific residues involved in efficient

viral replication, plaque phenotype and possiblenatiéon in cell culture.
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MATERIALSAND METHODS

Céellsand viruses. Chinook salmon embryo cells (CHSH4 ATCC CRI-1681) were
maintained at 15°C in minimal essential medium containing Hanks’ salts and
supplemented with 10% fetal bovine serum (FBS) aed @& propagation of the
viruses. Rainbow trout gonad cells (RBAATCC CCL-55) were grown in 15

medium supplemented with 10% FBS at 15°C. Generation of rNVI15, rN}3k5and
rNVI15-AVP5 viruses has been described in previous study (Chapter 3). Spr03
attenuated strain of the IPNSp serotype, which had been sequenced ef8evappa,
Song, and Vakharia, 20Q3Jjhe virus was subjected to twounds of plaque purification
before propagation once in CHSE cells to obtain viral stock. The nucleiofabiel virus
was sequenced completely to ensure no inadvertent mutation occurred due to cell

adaptation.

Construction of full-length cDNA clones. All manipulations of DNAs were performed
according to standard protocd&ambrook, Fritsch, and Maniatis, 198@pnstruction of
full-length cDNA clones of pUC19NVI15A or pUC19NVHESBK was described earlier
(Chapter3). It encodes all of the structural proteins (VP2, VP3 and VP4) and VP5 (Fig.
4-1). The 5 end of Sp segment A was cloned by-RTR as described previously, the
amplified fragment were cloned into pCR2.1 to obtain the plasmid pCRSp103A5'.
Plasmid pUC1BIVI15-15KAVP2 and pUC19NVI1AVP2 was prepared by replacing a
BstEll-Kpnl fragment in plasmid pUC19NVIER5K and pUC19NVI15A respectively,

with the respectivBstEll-Kpnl fragments derived from plasmids pCRSp103A5'.
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Fig. 4-1. Schematic presentation of IPNV cDNA constructs for the generation of plus
sense RNA transcripts using T7 RNA polymerase. A mapeoRNV genome

segments A and B, with its coding capacity, is shown at the top. The open boxes depict
the coding region of NVI15 (with 2RDa VP5), whereas the solid boxes represent the
coding regions of the Sp103 strain. Selected restriction sites, imptmtahe

construction of chimeric cDNA clones of segment A, are showBstE|l, K, Kpnl.

All of the constructs contain a T7 polymerase promoter sequence at the 5’ end.
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Plasmids pUC19NVI15B and pUC19Sp103B, which comprises thé&hdth segment B

of NVI15 and Sp103 respectively, were obtained as described before (Chapter 3).

DNA from the abovanentioned plasmids was sequenced by the dideoxy chain
termination method, using an automated DNA sequencer (Applied Biosystem), and the
sequence data were analyzed using PC/Gene (Intelligenetics) software. The integrity of
the full-length constructs was tested byiawitro transcription and translation qaed

reticulocyte lysated system using T7 RNA polymerase (Promega Corp.).

Transcription and transfection of synthetic RNAs. Plasmid pUC19NVILIAVP2,
pPUC19NVI1515KAVP2 and pUC19NVI185K were linerized bystl, whereas
pUCNVI15B and pUCSp103B was digestayBglll. Further treatment was followed as
described previouslf¥ao and Vakharia, 1998The linerized DNA was used to produce
invitro transcripts with T7 mMssage mMachine kit (Ambion) according to
manufacturer’s instructions. Briefly, approximatefygdinearized DNA template was
added to the transcription reaction mixturep(20containing 40mM TrisHCI (pH 7.9),
10mM NaCl, 6mM MgC4, 2mM spermidine, 0.5 M ATP, CTP and UTP each, 0.1 mM
GTP, 0.25 mM cap analog [ m7G (5°) ppp (5") G], 120 units of RNasin, 150 units T7

RNA polymerase, and incubated at 37°C for 90 minutes.

CHSE214 cells grown to 90% confluency inZb flask were transfected with

cRNA of bothsegments as described previously (Yao and Vakharia, 1998). Briefly, cells

were washed once with phosphbtdfered saline (PBS). Three milliliters of OPMEM
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| (GIBCO/BRL) were added to the monolayer, and the cells were incubated at room
temperature fot hr. Simultaneously, 0.15ml of ORMEM | was incubated with 12.5

ug of lipofectin reagent for 45 min in a polystyrene tube at room temperature. Equimolar
amounts of RNA transcripts of segments A and By(g each) were resuspended in 0.15
ml of diethyl procarbonatdreated water, were added to the ORIEM/Lipofectin
mixture, mixed gently, and incubated on ice for 5 min. After removing the-OEMI

from the monolayers in-B5 flask and replacing it with a fresh 1.5 ml of ORMEM, the
nucleic acidcontaning mixture was added drepise to the CHSE cells and swirled
gently. After 3 hr of incubation at room temperature, the mixture was replaced with
minimal essential medium containing Hanks’ salts and 10% FBC (without rinsing the
cells). The cultures wetacubated at 15°C for 5 days, and the cell supernatant was
harvested by freezihawing twice, and passaged onto fresh CHSE monolayers.
Cytopathic effect (CPE) usually was visualized at 4 days p.i. The flasks were freeze
thawed twice, the supernatant wegpkin 70 °C as virus stock used in this work.
Recovered viruses were verified by RCR, using the specific primers for IPNV

segment A.

Characterization of recovered IPNV. To determine the specificity of the recovered
viruses, the CHSE cells were infed with the recovered viruses and the infected cells
were analyzed by immunofluorescence assay with rabbitRINW polyclonal serum, as
described (Yao and Vakharia, 1998). To examine structural protein expression by the

recovered chimeric viruses, theuses were purified by sucrose gradient centrifugation
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and analyzed by Western blotting. To further characterize the recovered virBGRT
was performed on the chimeric virus with the appropriate primer pair, used to produce
the original clone. The relling PCR product was directly sequenced as described above

using one of the primer pair specific for IPNV segment A.

Sequence of serially passed recombinant viruses. Viruses were serially passaged in
CHSE or RTGcells at MOI of 0.001. At different paasges, the viral RNA was extracted
and subjected to RPCR. The PCR product was directly sequenced as described earlier.
After nine passages in CHSE cells, the-aglhpted rNVI15 virus was plaque purified

twice, before passage in CHSE one more time to raateck. Entire segments A and B

of the celladapted virus were sequenced, using methods and primers mentioned in
previous study (Chapter 3). For other recombinant viruses, only VP2 region was

sequenced.

Growth curve and plague assay. To analyze the gwath characteristics of IPNVs,

confluent CHSE cells or RT@ cells (in 35mm dish) were infected with the

recombinant virus stocks at MOI of 1. Infected cell cultures were removed and stored at
70°C at different time intervals; the supernants were cegéuf@and titrated on CHSE

cells by plaque assay. Briefly, the confluent monolayers of CHSE cells, grown in six
well plates, were infected with serially diluted supernatants from virus stock. After 1hr
incubation at 15°C, the cells were washed once by PE®werlaid with 0.6%

SeaPlaque Agrose (Difco) in Eagle MEM medium containing 5% FBS and 1% L

glutamine. After 3 days of incubation at 15 °C, the overlays were removed and the cells

79



were fixed and stained with a solution containing 25% formalin, 10% dtl&#@cetic
acid, and 1% crystal violet for 5 min at room temperature. After rinsing the cells with

distilled water, the plaques were counted.

RESULTS

Sequence of cell-adapted | PNV variants. To determine the molecular basis of virus
adaptation in celtulture, and the possible mechanism for virus attenuation, a
recombinant virus rNVI15, which caused more than 90% mortality in Atlantic salmon
smolts, was serially passaged in CHSE cells. At the indicated pagsabRNAs were
extracted, amplified by RPCR and their products were directly sequenced. Comparison
of the deduced amino acid sequences in VP2 region of virus at different passages
revealed substitution of a single amino acid residue at position 221 from Ala to Thr, due
to a point mutation atutleotide position 779 (G to A) in segment A (Fig2)4 After

the fourth passage, about half of the virus population has Thr at position 221, whereas
after the ninth passage all the virus population has Thr at that position. After two rounds
of plaquepurification of the ninth passage virus, we obtained theacklpted virus,
rNVI15TC, which has a Thr at 221 position in VP2. Complete deduced amino acid
sequence analyses of segments A and B of rNVI15 and rNVI15TC exhibited only one
amino acid substitutin at position 221 of the polyprotein (encoded by segment A),

suggesting an important role of this residue in cell culture adaptation to CHSE cells. Not
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Fig. 4-2. Chromatographs showing DNA sequences ofFTIR products obtained
from different IPNVs. Recombinant rNVI15 virus was serially passaged in CHSE
cells. At indicated passage, the virus was harvested, viral dsSRNA extracted, and

subjected to RPPCR using a pair of VR&pecific primer. The RPCR products

were purified and directlgequenced
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a single nucleotide substitution was detected in tharkl 3- noncoding regions of both

segnents A and B.

Similarly, rNVI15 virus was serially passaged in RP@ells. However, the
deduced amino acid sequence analyses of the genomic segments A and B of the ninth
passage virus did not show any amino acid substitution. To further confirm these
findings, other two cloned viruses, INVHL5K and rNVI15AVP5, were also serially
passaged in CHSE or RTZcells. Both of these viruses gradually acquired the amino
acid substitution at position 221 (Ala to Thr) during passage in CHSE cells, but not in
RTG-2 cells. These results indicate that amino acid substitution at position 221(Ala to
Thr) occurs during virus adaptation to CHSE cells but not in RT8lls, and the

selection of this mutation is not affected by the presence or absence of VP5.

One-step growth curve of cell-adapted IPNV variants. To determine if there are
differences in the growth properties of the parental rNVI15 virus and thadagted
virus, a onestep growth curve analysis was carried out in both CHSE andZRJ&Bs.
rNVI15TC caugd CPE in CHSE cells at 18 hr pasfiection (p.i.), and reached maximal
virus production (X 16° PFU/mI) at 40 hr p.i.(Fig.-8 A), whereas, rNVI18nfected
CHSE cells developed CPE at 40 hr p.i., and virus had a titer of ®F10mlat 48 hr

p.i.. BothrNVI15 and rNVI15TC viruses did not exhibit any difference in their

replication kinetics in RT& cells (Fig 43B).
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Fig. 4-3. Replication kinetics of recombinant rNVI15 and rNVI15TC viruses. Monolayers
of CHSE cells (A) or RT& cells (B) were infected with the indicated viruses at MOI of
1 and harvested at the indicated time points and infectious titers vienmised by

plaque assay.
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Plague phenotype of IPNV variants. To determine theole of this single amino acid
substitution in virus plaque phenotype, rNVI15 and rNVI15 TC viruses were subjected to
plaque assay on both CHSE and RZ Gells, and analyzed 3 days podection. As

shown in Fig. 44, rNVI15TC virus produces larger plaguthan its parental virus

(rNVI115), which correlates with the enhanced growth kinetics of this virus in CHSE

cells. To confirm that the larggzed plaques are formed due to cell adaptation in CHSE
cells, we evaluated the plaque size of rNVI15 virus @iféerent passages in CHSE

cells. Our results indicated that after fourth passage,-fdeggie variants begin to

emerge and become predominant after six passages (data not shown), which corresponds
to the sequence data presented earlier in F2y. However, both viruses produce similar

sized plaques on RT& cells (Fig 44).

Construction of chimeric and reassortant viruses. Unlike rNVI15, Sp103 is an
attenuated strain of IPNV, which contains Ala at position 221 of VP2, and it encodes a
15kDa VPS5 progin instead of a 2RDa VP5. Comparison of the deduced amino acid
sequences of Sp103 and NVI15 revealed only four amino acid substitutions at positions
217 (Thr to Pro), 247 (Thr to Ala), 500 (Trp to His) and 802 (Arg to His) in polyprotein,
and two resides at positions 125 (lle to Met) and 240 (Arg to His) in VP1. In order to
pinpoint the residues involved in virus attenuation, we constructed two chimeric viruses
rNVI15AVP2 and rNVI1515KAVP2, in which the residues at positions 217 and 247
were substitigd by Thr to Pro and Thr to Ala, respectively. The only difference between
these two chimeric viruses is that rINVI®8P2 encodes atkDa VP5 ORF, whereas

rNVI15-15KAVP2 encodes a 1#Da VP5 ORF, as in Sp103. To assess the possible
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Fig. 4-4. Plaque morphology of recombinant rNVI15 and rNVI15TC viruses in different
cell-lines. CHSE or RT& cells were infected with either rNVI15 or rNVI15TC viruses

by absorption for 1 hr. Cells were rinsed and immobilized with overlay medium
containing 0.6% agarose. Three days post infection, the cells were fixed and stained with
a solution containin