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Viruses, not lions, tigers or bears, sit masterfully above us on the food chain of life, occupying

a role as alpha predators who prey on everything and are preyed upon by nothing

Claus Wilke and Sara Sawyer, 2016
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Summary

Piscine orthoreovirus (PRV) is ubiquitous in farmed Atlantic salmon (Sa/mo salar) and the
cause of heart and skeletal muscle inflammation (HSMI). PRV is an orthoreovirus in the

family Reoviridae and shows several similarities to the Mammalian orthoreovirus (MRV).

Reovirus non-structural proteins are involved in the establishment of viral factories, and viral
factory-like structures have been observed in PRV infected Atlantic salmon erythrocytes. By
fluorescent microscopy, dense globular inclusions resembling viral factories, formed by the
non-structural protein uNS of PRV, were detected in transfected fish cells. In co-transfection
experiments with uNS, the cNS, u2 and A1 proteins were recruited to the globular structures.
Expression of the N-terminal 401 amino acids of the uNS protein did not induce viral factory-

like structures, mapping this feature to the remaining C-terminal 351 amino acids.

By means of a cohabitant challenge lasting for 8 weeks, the kinetics of viral RNA, viral
protein and antiviral immune response in blood cells from PRV-infected Atlantic salmon were
investigated. The study showed that PRV infection has an acute phase in blood cells with high
virus production and innate antiviral gene expression before the infection subsides to a low
persistent level. Different size variants of the uNS and the outer capsid protein pl were
observed at specific time points during infection. Interestingly, a proteolytic cleavage
fragment of the pl protein was the only viral protein detectable 7 weeks post challenge,

indicating that this fragment may be involved in the mechanisms of persistent infection.

At last, two experimental challenges testing different DNA vaccines against HSMI were
performed. The results showed that a vaccine expressing the viral factory forming non-
structural proteins uUNS and NS, in combination with the structural outer capsid protein o1,

induced moderate protection against HSMI in Atlantic salmon.

To conclude, our studies have shown that pNS is the main protein involved in viral factory
formation during the acute phase of PRV infection and the protein, in combination with cNS
and o1, also has the ability to induce protection against HSMI when delivered as a DNA

vaccine.

vi



Sammendrag (Summary in Norwegian)

Piscine orthoreovirus (PRV) er ubikviter hos oppdrettslaks og érsaken til hjerte- og
skjelettmuskelbetennelse (HSMB). PRV er et orthoreovirus i familien Reoviridae, og har flere

likhetstrekk med Mammalian orthoreovirus (MRV).

Ikke-strukturelle proteiner fra reovirus er involvert i etablering av virusfabrikker ved
infeksjon, og virusfabrikk-liknende strukturer er tidligere observert i PRV infiserte
erytrocytter fra laks. Fluorescensmikroskopi viste virusfabrikk-liknende globulaere
inklusjoner dannet av det ikke-strukturelle proteinet uNS i transfekterte fiskeceller. I ett ko-
transfeksjonsforsek med pUNS ble oNS, u2 og Al-proteiner rekruttert til de globulere
strukturene. Det ble ikke observert virusfabrikk-liknende strukturer nar kun den N-terminale
delen av uNS ble uttrykt, noe som knytter denne egenskapen til de gjenvaerende 351 C-

terminale aminosyrene.

Provemateriale fra et 8-ukers kohabitant smitteforsek ble benyttet til & studere viruskinetikk,
proteinkinetikk og antiviral immunrespons 1 blodceller fra PRV-infisert laks. Studien viste at
PRV gir en akutt, massiv infeksjon i blodceller som kun strekker seg over noen fi uker for
fiskens immunrespons dirigerer infeksjonen over 1 en persistent fase. Ulike
storrelsesvarianter av uNS og det ytre kapsidproteinet pul ble observert ved bestemte
tidspunkter under infeksjon. Ett proteolytisk kloyvingsfragment av pl-proteinet var det eneste
pavisbare virusproteinet 7 uker etter smitte, noe som indikerer at dette fragmentet kan vare

involvert 1 mekanismer som forer til persistent infeksjon.

Til slutt ble det utfort to smitteforsek hvor ulike DNA-vaksiner mot HSMB ble testet.
Resultatene viste at en vaksine som uttrykte de virusfabrikk-dannende proteinene uNS og
oNS, i kombinasjon med det strukturelle ytre kapsid proteinet ol, induserte moderat

beskyttelse mot HSMB 1 Atlantisk laks.

Vare studier har vist at uNS er hovedproteinet involvert 1 dannelsen av virusfabrikker og at
PRV gir en akutt infeksjon av relativt kort varighet for infeksjonen gér over i en persistent
fase. Kombinasjonen av uNS og o1, har evnen til & indusere moderat beskyttelse mot HSMB

nar de uttrykkes i en DNA-vaksine.
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1. Introduction

1.1. Background

Viral diseases pose a significant threat to the productivity of aquaculture and thus to its future
in food production. Aquaculture is among the fastest-growing food production industries
globally, and is expected to increase further to meet future food demand. With food fish
supply increasing at an average annual rate of 3.2%, global aquaculture production is
estimated to provide 62% of all human fish food by 2030 [1]. In 2015, ambitions for a fivefold

increase in the Norwegian aquaculture industry were announced at political level.

Atlantic salmon (Salmo salar) is farmed in Norway, Chile, Scotland, Canada, Ireland, Faeroe
Islands, Iceland, USA and Australia, with Norway as the dominant producer [1]. The
environment encountered by Atlantic salmon in aquaculture is markedly different from that
of wild fish. Farming has introduced reduced environmental variation, high fish densities,
excess food availability, absence of predation, no competition for mates and strong selection
for traits such as rapid growth and delayed sexual maturation [2]. Genetic and morphological
changes in response to artificial selection and genetic drift within a limited population size,
may lead to reduced fitness compared to wild individuals. In addition, fish kept at high
stocking density with frequent handling such as de-lousing and sorting, experience a stressful
environment [3]. An intrinsic property of large scale farming is facilitated spread of

pathogens. Today, one of the main challenges in aquaculture industry is viral diseases (Table

D [3].

Table 1. Incidence of viral diseases in farmed salmonids in Norway from 2006 — 2016.
Figures for notifiable and non-notifiable diseases are based on data from samples tested by the Norwegian

Veterinary Institute. Modified from Fish Health Report 2016, the Norwegian Veterinary Institute 2017 [4].

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

ISA 4 7 17 10 7 1 2 10 10 15 12
PD 58 98 108 75 88 &9 137 99 142 137 138
HSMI 94 162 144 139 131 162 142 134 181 135 101
IPN 207 165 158 223 198 154 119 56 48 30 27
CMS 80 68 66 62 49 74 89 100 107 105 90




Piscine orthoreovirus (PRV) is a ubiquitous virus in the marine phase of farmed Atlantic
salmon and the cause of heart and skeletal muscle inflammation (HSMI) [5]. HSMI has
emerged from its discovery in 1999 to 130-150 annual outbreaks the last years (Table 1). The
cumulative mortality varies from negligible to 20%, while the morbidity is almost 100% in
affected cages [6]. The condition leads to significant economic loss in Atlantic salmon
aquaculture in Norway. PRV is also associated with the occurrence of melanised foci in the

white musculature of Atlantic salmon [7].

Characterization of the causative agent, including virulence factors and immune responses of
the host, modes of transmission and knowledge of survival of its infectivity outside the host,
are crucial for understanding and preventing the spread of PRV and possible disease

outcomes.

1.2. Piscine orthoreovirus

PRV was identified in 2010 after high-throughput pyrosequencing of serum from HSMI
affected fish. The viral genome resembled that of reoviruses and PRV was tentatively
assigned to the family Reoviridae, genus Orthoreovirus [8, 9]. International Committee on
Taxonomy of Viruses (ICTV) approved this assignment and the name of the virus in 2015.
Orthoreoviruses are ubiquitous in various animal species, but originally only found to be of
pathogenic significance in farmed poultry and recently in farmed fish [10, 11]. Recently,
variants of mammalian orthoreoviruses (MRVs) has been found to trigger inflammatory
responses that may lead to the development of celiac disease [12], indicating that assumed
non-pathogenic reovirus may have long-term effects not observed at the acute infection. PRV
is an orthoreovirus that infects and replicates at low temperatures. The virus has been detected
in both farmed and wild Atlantic salmon, but no lesions consistent with HSMI have been

found in wild populations [13].



1.2.1. Taxonomy

Family Reoviridae

The Reoviridae family is a large and diverse group of spherical non-enveloped viruses
containing 9 - 12 segments of linear dSRNA [14]. Reovirus was first classified in 1959 as a
group of viruses typically isolated from human respiratory and gastrointestinal tract, often
without any association to disease (reo = respiratory, enteric, orphan) [15]. In the 1970ies, the
Reoviridae family was arranged into several genera and it has expanded ever since. Today,
the family comprises 15 genera with a broad host range from plants, insects, to fish, reptiles,
bird and mammals. The genera is divided into two subfamilies, Spinareovirinae and
Sedoreovirinae. Grouping to the subfamilies is based upon the presence or absence of turret

structures at the icosahedral vertices of the virion.

Genus Orthoreovirus

Orthoreoviruses belongs to the subfamily Spinareovirinae, the “turreted” group of reoviruses.
There are six approved species groups of orthoreoviruses (Table 2): Mammalian
orthoreovirus (MRV), Avian orthoreovirus (ARV), Baboon orthoreovirus (BRV), Nelson
Bay orthoreovirus (NBV), Reptilian orthoreovirus (RRV) and Piscine orthoreovirus (PRV).
Additionally, Broome orthoreovirus (BroV), isolated from fruit bat, represents a new, though

not formally recognized orthoreovirus [16].

Table 2. Taxonomic placement of Piscine orthoreovirus.

Family Subfamily Genus Species

Reoviridae —  Spinareovirinae  —  Orthoreovirus  — Mammalian orthoreovirus
Aquareovirus Avian orthoreovirus

Sedoreovirinae Oryzavirus Baboon orthoreovirus

Fijivirus Nelson bay orthoreovirus
Mycoreovirus Reptilian orthoreovirus
Cypovirus Piscine orthoreovirus
Idnoreovirus
Dinovrnavirus
Coltivirus




Orthoreoviruses contain 10 dsRNA genomic segments distributed in groups of three large
(L1, L2, L3), three medium (M1, M2, M3) and four small (S1, S2, S3, S4) segments. The
genome encodes at least 12 proteins mostly denoted after the corresponding greek letter (A, p

and o) from the encoding gene segment (L, M and S) [15].

The orthoreoviruses are functionally divided into two general subgroups, the fusogenic and
non-fusogenic reoviruses, based on the ability of the virus to induce cell-cell fusion and
syncytium formation in infected cells [17]. This property is mediated by the fusion-associated
small transmembrane (FAST) protein and can be observed as multinucleated syncytia in

culture [18]. MRV and PRV are currently the only non-fusogenic orthoreoviruses [17, 19].

MRYV is the prototype species and has been studied extensively as a model system for virus
entry, replication and pathogenesis [20-22]. Reoviruses are known for their oncolytic
properties and the type 3 Dearing (T3D) strain of MRV is one of the therapeutic oncolytic
viruses in clinical development [23]. MRV has been isolated from several mammalian
species, but is rarely associated with clinical disease in humans [20, 21]. However, in mice,
MRYV may cause a number of disease conditions involving various organs like the central

nervous system (CNS), intestine and heart [24, 25].

ARV has been isolated from chickens, ducks, geese, turkeys and psittaciformes, and is
associated with a number of different disease states, including arthritis and tenosynovitis,
enteric and respiratory diseases, hepatitis and malabsorption, in poultry [26-28]. BRV, NBR
and RRV has also been associated with disease in baboons, humans and reptilians,

respectively [29-32].

PRV causes HSMI, is associated with melanised foci in Atlantic salmon [7, 8], and is the only
species within this genus that infects fish. Recently, a variant of PRV was also demonstrated
to be the etiologic agent of erythrocytic inclusion body syndrome (EIBS), a condition
associated with anemia and mass mortality in juvenile Coho salmon (Onchorhynchus
kisutchi) [33]. In addition, yet another PRV variant is associated with anemia and an HSMI-
like disease in rainbow trout [34]. Orthoreoviruses have been found in non-salmonid fish, but

these viruses are not yet assigned to any virus species [35].



1.2.2. Genome and proteins

PRV is a spherical, non-enveloped virus with an outer diameter of 70 nm and an electron-

dense center of 30 nm representing the centrally condensed RNA genome[5].

The genome of PRV has a total size of 23 320 nt [8, 36]. Currently, the PRV genome is
predicted to encode at least 12 primary translation products where putative functions are
assigned (Table 3). However, the functions and properties of the different proteins are only
partly described [9, 37]. Based upon sequence homology to MRV, ARV and Grass carp
reovirus (GCRV, genus Aquareovirus) and the presence of conserved structures and motifs,
nine of the deduced translation products are assumed to be structural components forming an
inner core and an outer capsid of the viral particle, while three of the translation products are

considered non-structural proteins [9].

Table 3. Putative location and function of PRV proteins.
List of PRV encoded proteins and their predicted location and function based on comparison with the properties

of MRV, ARV and GCRV. Modified from Markussen et al, PLoS One 2013 [9].

Segment Protein Length (aa) Weight (kDa) Putative function

L1 A3 1286 144.5 RNA-dependent RNA polymerase
L2 A2 1290 143.7 Guanylyltransferase, methyltransferase
pll Hypothetical protein
L3 Al 1282 141.5 Helicase, NTPase, RNA triphosphatase
M1 u2 760 86.0 Ilji;ll"(l;ie;fg, RNA triphosphatase, RNA
M2 ul 637 749 I());;[z:rzzgild protein, membrane
plC 69.8
M3 UNS 759 835 I;)(igstfgg;rural protein (inclusion
S1 o3 330 37.0 Outer capsid protein, zinc metalloprotein
pl3 124 13.0 Cytotoxic, integral membrane protein
S2 02 420 459 Inner capsid protein, RNA binding
p8 Hypothetical protein
33 NS 354 391 Ifi(;;l;:tirgz;ural protein (inclusion
S4 ol 315 34.6 Cell attachment protein




Inner capsid proteins

In orthoreoviruses, two proteins, A1 and 62, form the inner core, with two additional proteins,
A3 and p2, present in small amounts (Figure 1) [21]. MRV Al is the major core protein
forming an icosahedral shell stabilized by the 62 protein, the two-dimensional structures are

conserved in PRV Al and 62, despite low sequence homology to MRV [9, 38].

Outer capsid proteins

The mammalian orthoreovirus core is coated with a well-defined outer capsid composed of
hexagonal and pentagonal subunits formed by the pu1, 61 and 63 proteins, with pentamers of
the A2 protein forming the turrets at the 12 vertices of the core (Figure 1) [21, 38]. A trimer
of ol is associated with each A2 turret, making up the spikes, and known to be the cell
attachment protein and serotype determinant for MRV [39-43]. Analysis of PRV gene
segment S4 indicating the presence of a-helical coiled-coil structure(s) in the N-terminal
region, shows that PRV o1 most likely is the cell attachment protein corresponding to those

of other orthoreoviruses [9].

ol
o3 Outer Capsid

dsRNA

Medium ui
JE— )]
Large
(L)

=——— Small 02/A1

= 8) u2 Inner Capsid
A3 (Core)
A2

Figure 1. The orthoreovirus particle
The model illustrates inner and outer capsid proteins and the dsSRNA genome of orthoreoviruses. Modified from

Mohamed et al, Viruses 2015 [44].

The MRV pul and 63 proteins constitute the majority of the outer capsid, coating the core as

a heterohexamer [45]. In the virion outer capsid, most of the pu1 protein exists in the form of
6



pulC and pIN fragments generated by proteolytic cleavage [46-49]. The nIN fragment is
myristoylated and important for membrane penetration [50, 51]. Both the cleavage and
myristolization sites in MRV pl are conserved in the corresponding PRV protein [9, 19].
Cytoplasmic 63 protein binds dsSRNA in a sequence independent manner which inhibits the
interferon-induced, dsRNA activated kinase (PKR) and/or the RNase L system, and in turn
prevents translational shutoff [52-54]. PRV 63 is shown to have important zinc-finger motifs
and dsRNA binding properties, although no specific domain is shown to be responsible for

dsRNA binding [9, 37].

Non-structural proteins
Non-structural (NS) proteins are proteins encoded by the viral RNA, but not part of the viral
particle itself. The non-structural proteins are only produced in the cell to serve a role in

replication.

PRV gene segment S1 is bicistronic and has an internal open reading frame (ORF) encoding
a 124 aa (13 kDa) cytotoxic protein, p13 [9]. The p13 protein binds to intracellular membranes
and co-localizes with a marker for the trans-Golgi network [19]. It does not co-localize with
the 63 protein, also encoded by the S1 segment [55]. In addition, both S2 and L2 are putative
polycistronic gene segments, however, neither the presence of the gene products, nor

functional properties of these, have been investigated [9].

PRV gene segments M3 and S3 encodes the non-structural proteins uNS and oNS,
respectively [9]. PRV uNS is homologous to MRV and ARV uNS, both encoded by gene
segment M3. Similarly, PRV oNS is the homologue to MRV and ARV oNS, encoded by gene
segment S3 and S4, respectively [9]. There is very low amino acid sequence identity (17 —
20 %) for both the uNS and oNS proteins between MRV, ARV and PRV, however some

assumed functional motifs are conserved [9].

For both MRV and ARV M3, two translational products have been reported where uNS
represents the full-length isoform [56]. PRV uNS consists of 752 amino acids (aa) with a
theoretical weight of 83,5 kDa, equivalent to the full-length MRV homologue [9]. PRV M3
has only one ORF coherent with the Kozak rule of transcriptional activation [55]. For oNS,

the similarities between PRV, MRV and ARYV is slightly higher than for uNS. All three



homologous gene segments contain one single ORF and the protein size matches closely at

about 39 kDa [9].

A common feature of the non-structural proteins of reoviruses is their ability to form viral
factories (VFs), which facilitates successful replication [57, 58]. This feature has been studied
extensively, but the mechanisms by which a viral factory forms and supports viral replication
are still not completely elucidated [59]. Similar viral factories are observed during PRV

infection [60, 61].

1.2.3. Target cells

Currently, no cellular receptor for PRV has been found. For MRV, the 61 protein is shown to
serve as a viral receptor recognition protein and distinct domains of the protein may be
involved in binding different types of receptors on discrete populations of target cells [41,
62]. The MRV o1 protein contains a domain that binds to sialic acids, and another domain,
which binds the receptor junctional adhesion-molecule-A (JAM-A). Sialic acids are widely
distributed on cell surfaces, and MRV’s binding to these is thought to help the virus get into
closer contact with the proper receptor. Several of the amino acid residues in MRV ¢l
involved in sialic acid binding are conserved in PRV [55]. MRV has a tropism for numerous
different cell types including myocytes and neurons [40, 41, 62, 63]. MRV Type 3 (T3) spread
from the enteric tract into mononuclear cells, ileal Peyer’s patches, neurons of the myenteric
plexus adjacent to Peyer’s patches and then into the brain stem neurons through the vagus
nerve [64]. Reovirus Type 1 Long (T1L) follows a different pathway as it is transported across

M cells into Peyer’s patches, mesenteric lymph nodes and, ultimately, to the spleen [65].

Erythrocytes are major target cells for PRV and during peak phase of infection over 50 % of
these cells can be infected [60]. PRV also infects myocytes of the heart and skeletal muscles
[11]. However, the relative amount of PRV RNA in blood is significantly higher than what is
found in heart or skeletal muscle during peak phase of experimental infection, while viral

RNA load in spleen and head kidney bypasses that of blood in later phases of infection [60].



Piscine erythrocytes

Piscine erythrocytes are primarily produced in the anterior quarter of the kidney and the pulp
of the spleen, but also in the renal interstitium in the posterior part of the kidney [66]. Piscine,
reptile and avian erythrocytes, opposed to mammalian erythrocytes, are nucleated and contain
the transcriptional and translational machinery necessary for expression of mRNA and
proteins [67]. The main function is respiratory gas exchange, but it has been speculated if
non-mammalian erythrocytes also have other functions [68] and recent studies have indicated
a role in pathogen recognition and immune response [67, 69]. Cold-water fish, like Atlantic
salmon, have lower metabolism and therefore less oxygen demand. However, erythrocytes

are still the most abundant circulatory cell.

Mature salmonid erythrocytes are ellipsoidal, 13 - 16 uM long, 7 - 10 uM broad, and have a
centrally located nucleus with compact chromatin (Figure 2) [66, 70, 71]. Immature
erythrocytes, called reticulocytes, have a more oval shape with less dense chromatin and more
granular substance within the cytoplasm [70, 72]. During maturation of the erythrocytes, there
is an increasing loss of cytoplasmic organelles accompanied by augmented hemoglobin

content and reduced aerobic metabolic rate [73, 74].
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Figure 2. Blood smear from fish showing piscine erythrocytes.
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1.2.4. Transmission

Epithelial surfaces such as the gills, skin, basis of fins and intestine are major sites of viral
entry in fish species [75]. PRV is believed to transmit horizontally through water and
cohabitation with infected fish induce characteristic HSMI lesions in the cohabitants [76, 77].
A study of brood stock fish showed that fertilized eggs produced by PRV positive parents
were PRV negative, indicating that vertical transfer is not a major route of transmission [78].
A recent study showed that Atlantic salmon was efficiently infected by PRV after anal
intubation, leading to transfer of virus from the intestinal lumen, to blood and subsequently
to the heart [79]. The virus infects and replicates in circulating erythrocytes prior to infection
of heart myocytes [11, 60, 61]. Further, PRV was also found to shed into faeces, indicating a

potential virus transmission route [79].

1.3. Replication of orthoreoviruses

Viruses are intracellular parasites, and depend on cell functions for their morphogenesis and
propagation [57]. The inability to propagate PRV in laboratory cell lines has significantly
delayed the study of viral replication and pathogenesis of HSMI. However, reoviruses in
general are well characterized and MRV is commonly used as a model to understand basic

mechanisms in reovirus replication.

1.3.1. Receptor-mediated endocytose

Reoviruses infect the target cell through receptor-mediated endocytosis (Figure 3). The MRV
ol protein initially binds with low affinity to carbohydrate structures on the cell surface (the
amino acids of ol involved in this binding is conserved between MRV and PRV). The
carbohydrates serve as co-receptors, facilitating the high affinity binding of o1 to the main
receptor for MRV, junction adhesion molecule-A (JAM-A) [39-41]. This triggers
internalization of the virus into the cell by receptor-mediated endocytosis in clathrin-coated
vesicles [80, 81]. Further, the vesicle loses its clathrin-coating, matures into an early

endosome and is acidified due to influx of H" ions by active pumping [82-85].
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In the late endosome, proteolysis of outer capsid proteins activates reovirus particles for the
next step in infection. The virions are turned into infectious subviral particles (ISVPs) [86,
87] and further into core particles that enter the cytoplasm [48, 88]. The ISVPs are formed by
digestion of the outer capsid protein 63 and proteolytic cleavage of the outer capsid protein
pul [89]. Mature virions can also be subject to extracellular proteolysis and formation of
ISVPs under certain conditions, like in the intestine.[90, 91]. The ISVPs created in the
intestine are highly infectious and may use receptor-independent pathways to enter host cells

[92].
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Figure 3. Replication of Mammalian orthoreovirus.
The model illustrates the replication cycle of MRV including cell attachment, endocytosis, uncoating, membrane
penetration, transcription, translation, assembly and release of infectious virions. Modified from Mohamed et al,

Viruses 2015 [44].
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1.3.2. Membrane penetration

As non-enveloped viruses cannot fuse with endosomal membranes for interaction and
penetration, other mechanisms must be utilized for the reovirus particles to gain access to the
cytoplasm [93]. Conversion of ISVPs to core particles facilitates this process. The ISVPs are
thought to be required intermediates during an infection as they are uniquely capable of
initiating penetration of a cell membrane to provide access to the cytoplasm (Figure 3) [94].
The pl protein, which covers most of the surface of ISVPs, is processed resulting in release
of the membrane penetrating fragment nIN [45, 95]. The ol protein is released from the
particle and the p1N fragment interacts with the endosomal membrane forming size selective
pores through which the core particles can pass [96]. Core particles, in contrast to the ISVPs,

are not infectious, but highly active mRNA transcription machines [86, 97].

1.3.3. Transcription and translation

In the cytoplasm, the core particles do not further disassemble and the transcription occurs
within the core particle. Early transcription is initiated from the dSRNA genome inside the
core synthesizing plus-strand RNA transcripts which are released through the A2 turret (Figure
3). Transcription is performed by the A3 RNA-dependent RNA polymerase and transcriptase
cofactor pu2, while capping is mediated by A2, respectively, all enzymes encoded by viral
genes and present in the virion [98]. Each of the ten gene segments may represent an
independent transcriptional unit and the different transcripts are produced at rates which are
approximately proportional to the reciprocal of their length [49, 99-102]. Neither dsSRNA nor
negative-strand RNA exist in free form in the cytoplasm. The capped, non-polyadenylated
plus-strand transcripts can serve both as mRNAs for translation and as templates for minus

strand synthesis within progeny particles [98, 103].

In cell cultures infected with MRV, primary transcripts are detected 2 hr after infection, reach
a maximum after 6 to 8 hr, and decrease to undetectable levels by 12 hr [49, 104]. Transcripts
from gene segment L1, M3, S3 and S4, encoding the A3, uNS, oNS and o1 proteins,
respectively, are made preferentially during the first hours of infection [102, 105, 106].
Secondary transcripts are mediated by newly assembled particles and are more effective

producers of transcripts during infection [107]. The transcripts exits through the A2 turret
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structure and are translated into viral proteins in the cytoplasm by host ribosomes (Figure 3)
[108, 109]. Reovirus mRNA lack the 3 polyA tail which is known to bind poly(A) binding
protein (PABP) important for stabilization and recruitment of translation factors [103, 110,
111]. How reovirus mRNA is stabilized and translated in the cytoplasm is therefore still not

completely elucidated.

Shortly after the onset of infection, there is a gradual increase in synthesis of reovirus proteins.
Newly synthesized MRV proteins can be detected already 2 hr post infection and by 10 hr,
most of the proteins synthesized in the infected cell are of viral rather than cellular origin [49].
A study performed on aquareovirus where infected cell cultures were harvested at different
time points post infection (p.i.) revealed that NS80, the MRV and PRV uNS equivalent, could
be detected at 6 hr p.i. while the structural inner core and outer capsid proteins were detected

9and 12 hrp.i. [112].

The newly synthesized viral proteins are assembled in structures called viral factories,
organized by the non-structural protein uNS. In the viral factories, replication, packaging of
viral genomes, and subsequent assembly of novel viral particles occur [21, 57, 58, 113]. Many
of the reovirus structural proteins exhibit some degree of self-assembly in the absence of viral
RNA or the complete set of viral proteins. The major inner capsid proteins Al and 62 form
particles morphologically similar to core shells, and when A2 and A3 are co-expressed with
these, they are incorporated into the particle as well [114]. In the cytoplasm of infected cells,
90 % of free M2-encoded protein is 1, while 95 % of the protein complexed with 63 has
been cleaved to form pul1C, suggesting that cleavage of ul may be linked to formation of

complex with 63 [47].

During core assembly, plus strand RNA is encapsulated and minus strand RNA is synthesized
in the core to form the dSRNA genome [115]. This mechanism keeps both the dsSRNA and
negative-sense RNA shielded from cytoplasmic receptors of the innate immune system as
neither dsSRNA nor negative strand RNA are found free in the cytoplasm [116]. The core
cavity of the virion encompasses one single copy of each genomic segment, which each

associate with a separate A3 polymerase [117].
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1.3.4. Viral factories

A common feature of the non-structural proteins of reoviruses is their ability to form viral
factories (Figure 4) [57, 118]. Viral factories are intracellular compartments or inclusions
where replication, packaging and assembly of novel viral particles occur [57]. Several RNA
and DNA viruses that replicate in the cytoplasm form viral factories that require re-
localization of organelles, reorganization of cellular membranes, and changes in the

distribution and dynamics of the cytoskeleton [113].

Viral factories commonly form as invaginations in organelles such as mitochondria,
endoplasmic reticulum (ER), lysosomes, peroxisomes, Golgi apparatus or chloroplasts [59,
119]. Recent studies has associated reovirus inclusions with several of these organelles, i.e.
mitochondria, ER elements and a membranous web which may function as a physical scaffold
for inclusion formation [59]. Mitochondria may be used as an energy source to power viral
replication and also supply host factors required for viral genome synthesis and particle
assembly [119]. The virus factory gives space and eases coordination of viral genome

replication and assembly [119].
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Figure 4. Formation of viral factories.

The model illustrates the organization of viral factories with a filamentous morphology where pu2 associates the
factories with microtubules (MT), and uNS functions as the recruiting protein. Ribosomes are excluded from
the factories, so protein synthesis must occur in surrounding regions of the cytoplasm. The core surface proteins

and the single-stranded RNA-binding protein oNS are recruited to the factory through association with uNS.
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Core assembly is proposed to occur within the factory but might also occur in surrounding regions of the
cytoplasm as shown in the model. Cores assembled in the cytoplasm may then be recruited to the factory through
association with uNS. New plus-strand RNA transcripts produced by pNS-associated cores within the factory
may be largely retained there, possibly by binding to oNS (a), which may promote their assembly into progeny
particles. Some newly produced viral transcripts, however, must be released into the surrounding cytoplasm (b)
to promote ongoing viral protein synthesis. Although the various protein associations are shown as direct

interactions, there may be unidentified intermediaries. Modified from Broering et al, J Virol 2004 [120].

The viral factory inclusions of RNA viruses consist of viral dsRNA, viral proteins, partially
and fully assembled viral particles, microtubules and thinner filaments suggested to be
intermediate structures [121]. Viral dsSRNA and ssRNA are sensed by the cellular innate
immune system as pathogen associated molecular patterns (PAMPs). PAMPs are molecules
associated with groups of pathogens, recognized by cells of the innate immune system and
thereby has the ability to trigger antiviral responses. In the viral factories, the viral PAMPs

are isolated from inducing the activation of cellular innate immune responses [59].

Early in MRV infection, viral factories form as small punctuate structures throughout the
cytoplasm that grow in size and become more perinuclear as infection continues. A similar
time course development of viral factory-like structures are seen in PRV infected erythrocytes
(Figure 5). These structures are important in recruitment of newly synthetized proteins to
allow efficient assembly of progeny virus core particles [122]. MRV uNS and oNS are present
in the earliest detected, synthesized viral protein-RNA complexes in infected cells, and these
proteins also form cytoplasmic inclusion structures similar to viral factories when transfected
into cells in the absence of viral infection [118]. In addition to being associated with oNS,
uUNS interacts with each of the five structural proteins that make up the core particle (A1, A2,
A3, 62 and p2) in MRV [123, 124].

Studies on the ARV puNS homolog have reached similar conclusions regarding the role of
uUNS in factory formation [125]. The AA protein of ARV, homolog to MRV and PRV Al, is
the first structural protein found within viral factories formed by uNS, followed by packing
of four other viral inner capsid proteins [126]. The study propose that the order of recruitment
of viral proteins into viral factories follows a sequential pattern and thus, some proteins appear
to be recruited initially to factories by association with pNS, whereas others are recruited

subsequently through interaction with yet unknown factors [126].
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Figure 5. Development of viral factories in PRV infected erythrocytes.

Fluorescent labeling of the PRV ol-protein (green) in ex vivo infected RBC. The nuclei were stained with
Hoechst (blue). Non-infected cells are shown at 0 dpi, and infected cells are shown at 1, 7 14 and 21 dpi. Large
PRV inclusions at 21 dpi (marked by arrowheads) was also observed in phase contrast. Modified from Wessel

et al, Vet Res 2015 [61].

Two different factory morphologies are described for MRV filamentous and globular [127].
The difference in morphology are determined by the ability of the virus to interact with the
cellular microtubule system and this feature is more specifically mapped to the M1 genome
segment encoding p2. Only 2 out of 22 MRV strains tested showed the globular factory
morphology [127]. Studies propose that the larger surface area of filamentous inclusions
allow for more efficient viral replication through better access to small-molecule substrates
or newly synthesized proteins from the cytosol [127]. Immunofluorescence and confocal
microscopy have been used to identify globular and filamentous inclusions after transfection
with non-structural proteins from MRV, ARV and rotavirus. This method has become a
valuable tool to probe early steps in the formation of viral inclusions by identifying specific

viral proteins [118].

Structures resembling viral factories are also observed in PRV infected erythrocytes (Figure
6) [60, 61]. These resemble the globular structures formed by the MRV T3D strain [60, 127].
The PRV inclusions varies in size from 100 to 1000 nm and are often located in the perinuclear
region, encapsulated by a membrane-like structure [60]. Some of the inclusions contain a
mixture of reovirus-like particles and a more homogenous material with lamellar structures,

while others only contain virus particles [60].
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Figure 6. Globular inclusions resembling viral factories.
Green fluorescent labeling of 61 in PRV infected erythrocytes. Nucleus is stained red with propidium iodide.

Modified from Finstad et al, Vet Res 2014 [60].

1.3.5. Virion release

The release of progeny MRV particles from infected cells is shown to be associated with cell
death and disruption of the plasma membrane [114, 128]. However, viral release from human
brain microvascular endothelial cells occurs exclusively from the apical surface via a

mechanism that is not associated with lysis or apoptosis of infected cells [129].

It is not known how PRV escape from their target cells. Virus-induced lysis of PRV infected
erythrocytes has not been reported following microscopy. Neither has severe anemia been
observed in PRV infected Atlantic salmon, indicating that eventual virus-induced lysis of
infected erythrocytes is absent, low or at least compensated by erythropoiesis [130].
Interestingly, a variant of PRV was recently demonstrated to be the etiologic agent of EIBS,
which is associated with anemia and mass mortality in juvenile Coho salmon [33]. In
addition, infection of rainbow trout in fresh water by yet another PRV variant is also

associated with anemia and an HSMI-like disease [34].

Extracellular vehicles

During the course of the presented study, an intriguing hypothesis was proposed involving
viral utilization of extracellular vehicles for PRV virion release from erythrocytes.
Extracellular vehicles are heterogeneous, submicron-sized membrane vesicles capable of

intercellular transfer of biological materials and genetic information [131]. Extracellular
17



vehicles can be found in all bodily fluids and are created by invagination of the endosomal
membrane [132-134]. Extracellular vehicles can travel over short or long distances to
eventually bind target cell membranes and deliver their cargo [135, 136]. Recent insights
shows that viruses exploit extracellular vehicles for several purposes; to enter host cells, to
promote viral spread and to avoid humoral immune responses [131]. Apart from incorporating
viral proteins, studies have indicated that extracellular vehicles can contain virus-derived

nucleic acids, including functional, non-coding microRNAs [137, 138].

The use of extracellular vehicles for virion release would not lyse the PRV infected
erythrocytes and could explain the lack of anemia in PRV-infected fish. Several other factors
could also indicate that extracellular vehicles might be a plausible mechanism during PRV
infection, i.e. the inability of humoral immune response to exterminate infection and
difficulties in finding a specific receptor for endocytosis. Preliminary studies on this subject

was therefore performed.

1.4. Orthoreoviruses and effects on host cells

The mechanisms by which mammalian reoviruses infect susceptible cells in target organs,
spreads between the different organ systems and evade host immune response are partly
elucidated and knowledge from MRYV infection studies is used to understand host responses
to PRV. However, how reoviruses ultimately produce disease in the infected host, still

remains poorly understood and research in this field is continuously ongoing.

1.4.1. Stress granules

Infection with several MRV strains results in shutoff of host, but not viral, protein synthesis
via dsRNA-binding protein kinase R (PKR) activation and subsequent phosphorylation of
translation initiation factor elF2a [139, 140]. Following inhibition of protein synthesis,
cellular mRNAs localize to discrete structures in the cytoplasm called stress granules, where

they are held in a translationally inactive state (Figure 7) [139].
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Figure 7. Formation of stress granules.

Model illustrating the formation of stress granules triggered by environmental stress in the cell. Phosphorylated
elF2a prevents the formation of the ternary complex leading to inhibition of translation of most cellular proteins.
Stress granules arise and further inhibit protein translation by sequestering mRNAs and translation initiation
factors in a translationally inactive state until the cells recover from stress or undergo apoptosis. Courtesy of Qin

Q, Doctoral thesis 2010 [141].

Stress granules are cytoplasmic phase-dense particles consisting of stalled ribosomal
complexes where protein synthesis is shut down as a response to environmental stress to
conserve anabolic energy for the repair of stress-induced cellular damage [140]. The cellular
translation initiation factor elF2a is a critical regulatory component of the ternary complex
that loads initiator tRNAiMet onto the small ribosomal subunit to initiate protein synthesis.
In its phosphorylated condition, elF2a is inhibited and translational arrest occurs [142, 143].
Stress granules may also be induced by mechanisms independent of eIF2a phosphorylation

[140].
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MRYV has the ability to disrupt stress granules despite sustained levels of phosphorylated
elF2a and interfere with the induction of stress granule formation [144]. The disruption of
stress granules correlates with the escape of viral, but not cellular, mRNAs from host
translational shutoff [ 144]. Many aspects of stress granule formation and function are not fully
understood, but it is believed that they may serve as part of the innate immune response to

viral infections [145, 146].

The structural MRV protein 63 has regulatory functions during replication by affecting the
formation of stress granules. [52, 147, 148]. Newly synthesized cytoplasmic 63 binds dsSRNA
in a sequence independent manner, which inhibits PKR activation and/or the RNase L, and
thus prevents translational shutoff [52-54]. Similar dSRNA binding properties are showed for
PRV 063, although no specific domain of the protein was found to execute the binding [9, 37].

Some fish species appear to have a PKR-like protein, and in addition a protein with Z-DNA
binding domains instead of dsSRNA binding domains, called Z-DNA binding protein kinase
(PKZ) [149]. It has been demonstrated that recombinant Atlantic salmon PKZ has the ability
to phosphorylate elF2a in vitro, and that wild-type Atlantic salmon PKZ has a direct
inhibitory effect on protein synthesis after transient expression in Chinook salmon embryo
cells [149]. This implies a role for PKZ, like PKR, in host defense against virus infection
[149].

1.4.2. Apoptosis

Reovirus induced apoptosis is a major mechanism of tissue injury in mammals, and involved
in the pathogenesis of disease in both the brain and heart [150-152]. In cultured cells,
differences in the capacity of MRV strains to induce apoptosis are determined by the S1 and
M2 gene segments, and these gene segments are determinants of viral pathogenesis in both
the heart and the CNS in vivo [153, 154]. Multiple viral gene segments, including M1, L1,
L2, and S1, are determinants of MRV-induced acute myocarditis [155, 156].

Apoptotic cardiomyocytes have also been detected in the heart of HSMI diseased fish [157],
but is not a common observation [158, 159]. PRV infection typically results in CD8 T cell
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myocarditis and red skeletal muscle myositis [ 158]. Severe anemia has not been reported from
HSMI outbreaks in the seawater phase, indicating low, no or compensated virus-induced

apoptosis of PRV-infected erythrocytes [130].

1.4.3. Anti-viral response

The immune system is a host defense mechanism comprising many biological structures and
processes that detects a wide variety of pathogens. It is customary to divide immune responses
into two main categories; the innate immune system and the adaptive immune system. The
innate immune responses comprise early immune defense like interferons (IFNs), natural
killer (NK) cells and macrophages, while the adaptive immune responses are highly specific
for a particular pathogen and are defined by several factors as lymphocytes, antigen receptors

and major histocompatibility complex (MHC) type I and II.

Innate immune response

The innate immune response develops as a rapid and regulated defense mechanism triggered
by receptors that recognize the conserved patterns of pathogenic organism such as proteins,
lipoproteins, dsSRNA and other PAMPs, and initiate signaling cascades that in turn directs the
innate immune response [160, 161]. The antiviral response is a specific part of the innate
immune response triggered by viruses and even very primitive organisms have the ability to

mount an innate immune response against pathogens.

In mammalians, IFNs can inhibit viral replication by inducing an antiviral state in the host
cells or by increasing the antigen-presentation in MHC type I, initiating inflammatory
responses, and stimulating the activation of macrophages, NK cells or cytotoxic T cells as
well as the differentiation of B cells into antibody-producing plasma cells [160]. IFN is an
extremely powerful antiviral response that is capable of controlling several virus infections in

the absence of adaptive immunity.

Double-stranded RNA is considered the main PAMP of reoviruses. Fish have two toll-like
receptors (TLRs), TLR3 and TLR22, that can bind dsRNA in the endosomes and cytoplasmic
membrane respectively [162], and two main cytoplasmic dsRNA receptors; retinoic acid

inducible gene (RIG-I) and melanoma differentiation-associated gene 5 (MDAS) [163]. The
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interaction leads to activation and nuclear translocation of the transcription factors interferon
regulatory factor 3 (IRF-3) and nuclear factor x§ (NF-kf3), which triggers production of type
I interferons, chemokines and cytokines to recruit immune cells to the infection site, and
increases expression of MHC type I and co-stimulatory molecules such as CD40, CD80 and
CD86 [164]. Type I IFNs are secreted and activate intracellular signaling pathways via a type
I IFN receptor, and regulate the expression of a set of IFN-stimulated genes (ISGs). The ISGs
include a wide range of genes involved in eliminating viral components from infected cells,
inducing apoptosis of infected cells, and conferring resistance to viral infection in uninfected
cells [164]. IFNs trigger signal transduction through the JAK-STAT signaling pathway, which
results in changes of many cellular pathways including expression of antiviral proteins such
as the Myxovirus resistance (Mx) protein, PKR and the virus inhibitory protein Viperin
(Figure 8) [165-167].
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Figure 8. Fish virus induced genes in the context of interferon ¢ signaling.

Following virus entry in the cell, viral nucleic acids bind different sensors as RIG-1 and TLRs and activation
of these sensors leads to the induction and secretion of interferons. The cytokines has auto- and paracrine activity
mediated through interactions with a transmembrane receptor (IFNAR) that activates the JAK/STAT pathway.
This leads to the induction of interferon stimulated genes (ISGs) such as Isgl5, PKR, PKZ, Mx or viperin.
Modified from Verrier et al, Dev comp immunol 2011 [168].
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Viral counter-mechanisms

In order to bypass these antiviral responses, dsSRNA viruses have developed counter-
mechanisms. During replication of orthoreoviruses, the dsSRNA genome is enclosed within
the viral core to avoid exposure [169]. In addition, viral RNA can be masked by dsRNA-
binding viral proteins, inhibiting the dsSRNA signaling pathway, or non-polyadenylated viral
mRNA can be produced to omit translational shutdown [144, 170]. Translational shutdown
occurs through activation of PKR, leading to phosphorylation of the cellular translation
initiation factor elF2a and thus blocking cellular translation, while viral RNA translation is

maintained [165, 171-173].

Due to structural similarities, PRV may counteract antiviral mechanisms in similar ways as
other orthoreoviruses [55, 61]. Recently, it has been shown that PRV 03-protein binds dsRNA
in a sequence independent manner similar to MRV 03 [37]. Nevertheless, MRV induces IFN-
B in infected cells [174-176]. This indicates that dSRNA intermediates may be recognized
[161].

PRYV and anti-viral response

The nucleated piscine erythrocytes have the potential to support viral propagation and
contribute to efficient virus distribution in the host organism [69]. The ability to support an
innate antiviral response is therefore essential in prevention of disease. PRV infection in
erythrocytes has previously been shown to induce expression of type I interferon and
interferon—regulated genes, which induces the expression or stimulates a wide range of
antiviral effector molecules [61, 159]. In an ex vivo study where piscine erythrocytes were
infected with PRV, gene expression of IFN-a, Mx, RIG-I and PKR was upregulated,
indicating mobilization of an antiviral immune response [61]. A cohabitant study also showed
increased expression of several housekeeping and antiviral innate immune genes, such as
elongation factor 1a (EF1a), B-actin, IFN, IFN-stimulated gene 15 (ISG-15), Mx, PKR, RIG,
Viperin and Ubiquitin specific peptidase 18 (USP18), that lasted for more than ten weeks in
blood cells, spleen and heart after PRV infection. The level of innate immune gene expression
correlated strongly with the Ct of PRV RNA [177]. However, a study performed on PRV
from western North America failed to cause an innate antiviral response [ 178], indicating that

there might be strain differences in virulence or differences in host immune response.
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Adaptive immune response

The adaptive immune system is a system where the animal acquires long-term protection
against a pathogen following encounter. It has been proven that bony fish are able to mount
antigen specific immune responses towards viruses similar to what is found in other

vertebrates, although important differences exist.

Central to the adaptive immune response are the lymphocytes, divided into B-cells
responsible for antibody production, cytotoxic T-cells that directly kill infected or abnormal
cells, and helper T-cells that modulate other immune cells through interaction and cytokine
production [179]. The adaptive immune response of fish is temperature dependent, and takes
longer to develop compared with mammalian counterparts. Also, there are fewer antibody
isotypes (IgM, IgD and IgT), with only two being shown to respond to antigen stimulation.
Class switching of antibodies is not observed in fish [179]. IgM is the predominant isotype

systemically, while IgT predominates in the gut mucosa.

Virus specific antibody responses against several fish viruses, including PRV, have been
shown in salmonids [180-183]. A recent report using novel bead-based assays for detection
of specific antibodies against PRV proteins, demonstrated a distinct increase in specific IgM
against u1C and uNS in plasma of Atlantic salmon during the course of an experimental PRV

challenge [183].

T-cells also appear to have an important role in PRV-mediated immune responses. Increased
gene expression of the T-cell markers CD8 and CD4, implying mobilization of cytotoxic and
memory T-cells respectively, have been demonstrated in PRV-infected salmon hearts [158,
184]. The T-cell mobilization is associated with decreased virus levels in the heart, indicating

a protective role. However, the response is also associated with myocarditis [158].

1.5. PRV distribution and disease associations

Several different disease states has been associated with PRV. In Atlantic salmon, PRV causes

HSMI and is also associated with the presence of melanised foci in white muscle [7, 55, 185].
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In juvenile Coho salmon (Oncorhynchus kisutch), a PRV variant called PRV-2, was
demonstrated to be the possible etiologic agent of EIBS, a disease that can cause mass
mortality [33]. EIBS was first reported in 1982 and screening revealed that the condition was
widespread among different Atlantic and Pacific salmonid species, both in freshwater and
seawater [186-189]. In rainbow trout, yet another PRV-like virus is associated with anemia,

circulatory disturbance and histopathological changes resembling HSMI [34].

1.5.1. PRV in Atlantic salmon

PRV is ubiquitous in farmed Atlantic salmon in Norway a few months after transfer to sea,
but can be detected at a lower prevalence in the fresh water pre-smolt stage [78, 190]. The
most common method for PRV detection is RT-qPCR analysis [8]. Both the prevalence and
viral load in farmed salmon increase following transfer to sea, and then decrease again
towards slaughter [78]. This would indicate that the populations goes through a PRV infection
where the viral load initially increases towards a peak, before it is reduced again. The virus
has also been found in wild returning Atlantic salmon, but it is not known if these fish has
acquired the virus through contact with farmed salmon or if it reflects a genuine infection in
wild salmon. In addition, PRV has been detected in archival material dating back to the 1970-
ies, before the era of Atlantic salmon farming and the occurrence of HSMI [191]. HSMI has
so far only been detected in farmed fish [192]. Aquaculture confine animals under high
density which generally facilitate transmission of infectious agents and reduce resistance to

disease [3].

PRV is geographically widespread, present in wild and farmed salmonid species in Europe,
Canada and Chile [78, 192, 193]. The occurrence of HSMI is common in Atlantic salmon in
Europe and Chile, the disease however, is not evenly occurring in farmed salmon populations
worldwide, and in Canada, only one outbreak of HSMI has been described [194]. An
experimental transmission study using PRV-containing material from North America showed
that PRV was transmissible to both Atlantic salmon and Sockeye salmon (Oncorhynchus
nerka), but neither developed HSMI [195]. The reason for this difference is not known, but

might depend upon differences in host immune response or viral strains.

25



1.5.2. Heart and skeletal muscle inflammation

HSMI in farmed Atlantic salmon is caused by PRV and has emerged from its discovery in
1999 to 130-150 annual outbreaks in Norway the last years [4, 5, 8]. HSMI generally occurs
5-9 months after sea transfer and last for several weeks after which the PRV infection persists
[196]. HSMI is considered a common disease problem in Norwegian aquaculture with
outbreaks all along the coastline [4]. The cumulative mortality varies from negligible to 20%,
while the morbidity is almost 100% in affected cages [6]. Infection pressure is an important
factor for initiating an HSMI outbreak and stressors such as lice treatment or moving the fish

has been observed to precede HSMI [6, 78, 197].

Clinical signs of HSMI include abnormal swimming, anorexia and increased mortality [130].
Typical gross pathologic lesions include signs of circulatory disturbance with pale heart,
yellow liver, swollen spleen, visceral petechiae and ascites [130]. The affected fish have
severe inflammation and inflammation-associated necrosis in epi-, endo- and myocardium of
the cardiac ventricle and atrium, as well as myositis in red skeletal muscle [130]. Diagnosis
of HSMI is based on typical histopathological findings in heart and red skeletal muscle
(Figure 9) [130, 158]. Histopathological changes have also been observed in other organs
[130]. Erythrocytes are often accumulated in the spleen, head-kidney, liver and gills, and both

the spleen and head-kidney have higher loads of virus than heart and skeletal muscle during

infection [6, 198].

Figure 9. Immunostaining of PRV in heart section from infected salmon.
The illustration shows classical HSMI lesions with epicarditis (arrow) and inflammatory response in the outer

part of the compact layer. Immunostaining with p1C-antibodies detected PRV outside the area of inflammation
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(arrowhead) in the inner part of compactum and in the spongy layer. Courtesy of Finstad et al, Vet Res 2012
[11].

Cardiac lesions in farmed salmon is not uncommon and there are several differential diagnosis
to be considered. Both pancreas disease (PD) and cardiomyopathy syndrome (CMS) causes
cardiac lesions that have to be differentiated from those seen in HSMI [198-201]. In addition,
cardiac lesions can also be related to non-infectious etiology like the combination of restricted
activity, continuous food supply, low oxygen levels, crowding, stress and temperature
variations [202]. However, many of these assumed relations are stress related and has been
described before PRV was known and the fish were deemed non-infected based on the
diagnostic machinery available at that time. Due to the ubiquitous presence of PRV in the

marine phase, its eventual contribution is difficult to decipher.

1.5.3. Melanised foci in white muscle

Melanised foci in white muscle of farmed salmon has recently been associated with PRV [7].
These are black, brown or red pigments in the muscle fillet and up to 20% of salmon on some
farming sites get these spots (Figure 10) [203]. The changes typically appear in the
cranioventral and craniodorsal region of the abdominal wall, but may also be found elsewhere
in the musculature [204, 205]. The problem exists along the whole coastline and contributes
to a large economic loss in the Norwegian aquaculture industry as the fillets with pigmentation

are downgraded.

Figure 10. Melanised foci in white musculature of salmon.

The illustration shows melanised foci in white muscle of Atlantic salmon. (A) A red focal change in the muscle
of the craniodorsal region of the abdominal wall. (B) An incision through a red focal change showing
discoloration extending deep into the fillet. (C) A melanised focal change detected in the same anatomical
location in a different fish. (D) A melanised focal change with extensive amounts of a whitish tissue extending

into the depth of the fillet. Modified from Bjorgen et al, Vet Res 2015 [7].
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The pigment is attributed to melanin-producing leukocytes referred to as melano-
macrophages [206, 207]. It has been suggested that the melanin foci occur due to chronic
inflammation induced by dislocation of oil-adjuvanted vaccine components, but later studies
has showed that also unvaccinated fish may develop similar lesions [204, 208]. Mechanical
trauma preceding focal intramuscular hemorrhage has also been suggested as cause, but are

not supported by histological investigations.

Histological investigations in a recent study revealed that red focal changes were dominated
by hemorrhages and myocyte necrosis, consistent with acute manifestations of muscle
damage, while the focal melanised changes were dominated by granulomatous tissue and
melano-macrophages, indicating a chronic inflammatory response [7]. In addition, the study
showed that large amount of PRV antigens detected by immunohistochemistry was the
common denominator to all red and melanised changes, suggesting that PRV has an explicit

role in the formation of melanised foci [7].

1.5.4. Fish welfare

In Norwegian salmon farming, approximately 15-20% of the fish transferred to sea die before
they finish production cycle, which today equals approximately 50- 60 million fish annually
lost during seawater production [209]. Current evidence suggests that fish are capable of
perceiving sensory stimuli and experience feelings like fright, pain and discomfort and fish
are protected by the Animal Welfare Act along with other vertebrate species, decapods,
octopus, squid and honeybees [4, 210, 211].

Diseases affect welfare in various ways depending on which organs and functions that are
affected, and the intensity and duration of the pain or discomfort accompanying the disease
[4]. HSMI causes severe inflammation in the heart and skeletal muscle, and severe muscle
pain is likely to accommodate this condition. Surviving fish seem to recover, but they may
have cardiac lesions for month after an outbreak [6]. With the ubiquitous presences of PRV
and only sparse knowledge on how the virus causes disease, PRV poses a tremendous risk for

reduced welfare for farmed salmon.
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Research institutions and fish health personnel have a special responsibility to work for
improved fish welfare and influence the attitudes towards fish in both the aquaculture industry
and among the general public [4]. As good health is a prerequisite for good welfare, efforts

dedicated to improve fish health are important for welfare [4].

1.6. Vaccine against HSMI

Considering the increasing occurrence of viral disease outbreaks in Norway and the discovery
of HSMI in countries such as Canada, Scotland and Chile, diseases associated with PRV
exhibit a considerable risk for the aquaculture industry [178, 192, 193, 212, 213]. If the

estimated growth in aquaculture sustains, proper disease control is required [1].

The load of PRV increases in a population after transfer to sea and the total load of virus at
peak of infection may be a key factor in disease development. Currently, there is no treatment
to reduce the extent of an HSMI outbreak. Increased survival has been observed feeding
tetradecylthioacetic acid (TTA) and functional feed may be an alternative to reduce the extent
of an HSMI outbreak [214]. Breeding for increased disease resistance against infectious
pancreatic necrosis (IPN) in Atlantic salmon has been successful, and a similar approach will
probably be tested against HSMI. A good solution would nevertheless be a vaccine that
potentially could bring the total PRV load below threshold for HSMI outbreaks.

Vaccines administrated to Atlantic salmon in Norwegian salmon farms aim to give protection
in the grower stage in sea-water. Classical inactivated, vaccines are based upon the ability to
cultivate the respective pathogen. Commercially available vaccines for Atlantic salmon are
administrated as oil-adjuvanted intra peritoneal (i.p.) injections containing inactivated virus
particles from cell cultures or recombinantly produced capsid proteins [215, 216]. The study
of molecular mechanisms linked to PRV infection has been limited by the lack of susceptible
cell lines for cultivation of the virus, which hampers both research on the virus and the ability
to make a traditional vaccine. However, progression in vaccine development has moved from
using whole microorganisms to subunit vaccines that contain only the proteins of the

pathogen’s that induce protective responses. Subunit vaccines are often less immunogenic
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than whole pathogens, but incorporation of antigens into biomaterials can achieve a desired

vaccine response.

One of the most promising vaccine preparations against viral diseases is DNA vaccines.
Naked plasmid DNA results in gene expression of viral proteins in the muscle tissue of
vaccinated fish and several different plasmid backbones are available for use as DNA delivery
systems [217]. A Salmonid Alphavirus (SAV) replicon vector, based on a virus adapted to
cold water piscine hosts, has received considerable attentions in fish vaccines studies and
found to induce efficient protection against infectious salmon anemia (ISA) and pancreas
disease (PD) in challenge experiments [216, 218-221]. Several other DNA vaccines based on
different plasmid backbones has also been proven efficient in a large number of fish species
and against a variety of viral diseases [222-224]. Still, only one DNA vaccines for aquaculture
fish are licensed for sale. This DNA vaccine induce protection against infectious
hematopoietic necrosis (IHN) virus and has been used in Canada with great success since
2005 [225]. Recently, a DNA vaccine against PD has also been recommended for use in

salmon in Europe (Press release, European Medicines Agency).

For MRV, monoclonal antibodies directed against outer capsid proteins c1, 63 and plC, as
well as core protein A2, can neutralize the virus [226]. The corresponding proteins in PRV
might be suitable vaccine candidates. In addition, intracellular PRV proteins may induce a
cellular, T-cell mediated response against PRV-infected cells. A vaccine against PRV may
have to induce both these pathways for optimal protection. Controlling HSMI by vaccination
will significantly benefit both the fish health and welfare, and the economics in Atlantic

salmon farming.
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2. Aims of study

Main objective
The principal aim of the present thesis was to contribute to knowledge regarding the function
of PRV proteins. The thesis encompasses both in vitro studies of protein functions as well as

in vivo challenge experiments for studies of protein kinetics.

Sub-goals

1. Function of PRV virus factory assembly proteins
Based on comparative data from MRV and TEM analysis of PRV infected piscine
erythrocytes, we hypothesized that the uNS protein is the main organizer in assembling
progeny particles. The primary goals in this study was to examine the subcellular

localization of the uNS protein and its interaction with other PRV proteins.

2. PRV protein kinetics in blood cells
In this study, we investigated the kinetics of PRV in blood cells from experimentally
infected fish. We hypothesized that PRV causes an acute massive infection of a relatively
short duration. In addition, we further investigated our in vitro results from sub-goal 1

and studied uNS and the formation of viral factories in vivo.

3. DNA vaccine expressing PRV non-structural proteins
In this study, the protective effect of DNA vaccines expressing the non-structural, factory
forming, PRV proteins was tested in experimental challenges. We hypothesized that

expression of PRV uNS would induce a protective host immune response against HSMI.
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3. Summary of papers

Paper I

The non-structural protein pNS of Piscine orthoreovirus forms viral factories
Haatveit HM, Nyman IB, Markussen T, Wessel @, Dahle MK, Rimstad E.
Veterinary Research 2016, 47:5

In this study, the subcellular location of PRV pNS, and its co-localization with other PRV
proteins was investigated. The PRV puNS protein forms dense globular cytoplasmic inclusions
in transfected fish cells, resembling viral factories. In co-transfection experiments with uNS,
the oNS, p2 and Al proteins were recruited to the globular structures. Immunoprecipitation
and subsequent western blot analysis confirmed the association between uNS-oNS and puNS-
u2. Expression of the N-terminal 401 amino acids of the uNS protein did not form viral
factory-like structures, mapping this feature to the remaining C-terminal 351 amino acids.
The findings strongly suggests that uNS is the main protein involved in formation of viral

factories during PRV infection.

Paper 11

Viral protein Kinetics of Piscine orthoreovirus (PRV) infection in Atlantic salmon blood
cells

Haatveit HM, Wessel @, Markussen T, Lund M, Thiede B, Nyman IB, Braaen S, Dahle MK,
Rimstad E.

Viruses 2017, 9, 49

The aim of this study was to investigate the kinetics of PRV infection in Atlantic salmon
blood cells. Using an experimental cohabitation challenge model running for 8 weeks, we
found that PRV causes an acute infection of blood cells before settling at a lower level of
persistence. Maximal viral protein load was observed 5 weeks post challenge by western
blotting, decreased sharply thereafter and was undetectable from 7 weeks post challenge. In

contrast, viral RNA levels was consistently high. Globular viral factories representing viral
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replication were observed in red blood cells from 4 to 6 weeks post challenge and we
demonstrated interactions between uNS and the structural PRV proteins 61, ul, A1 and A3 at
these time points using western blotting and LC-MS. We also found different size variants of
UNS and the outer capsid protein pl at specific time points during infection. A proteolytic
cleavage fragment of the pul protein was the only viral protein detectable 7-8 weeks post
challenge, indicating that this p1 fragment may be involved in the mechanisms of persistent

infection.

Paper 111

DNA vaccine expressing the non-structural proteins of Piscine orthoreovirus induces
moderate protection against heart and skeletal muscle inflammation in Atlantic salmon
(Salmo salar)

Haatveit HM, Hodneland K, Braaen S, Hansen EF, Frost P, Rimstad E.

Manuscript

In this study, DNA vaccines expressing the non-structural protein uNS in combination with
other PRV proteins were tested in two experimental cohabitant challenges. We used two
different plasmid backbones; one containing the replicon machinery of Salmonid alphavirus,
the pSAV replicon vector, and one conventional vector, pcDNA3.1, where the expression of
proteins is controlled by the cytomegalovirus promoter. /n vitro expression analysis using
CHSE cells showed that the transfection efficiency was substantially higher for the pcDNA3.1
vector than the pSAV replicon vector. Results from the experimental challenges demonstrated
that most DNA plasmid combinations did not induce significant protection against HSMI in
Atlantic salmon, but modest protection was obtained with the vaccine based on the pcDNA3.1

vector expressing the combination of uNS, oNS and 1.
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4. Results and discussion

PRV was first discovered in 2009 and upon initiation of this study, published information on
PRV was limited. During the last years, the virus has been characterized and found to belong
to the genus Orthoreovirus, subfamily Spinareovirinae, family Reoviridae. Furthermore, the
etiological association with HSMI in Atlantic salmon has been confirmed; salmon
erythrocytes was reported to be a major target cell type for PRV, enabling development of an
ex vivo virus cultivation system using piscine erythrocytes, as well as purification of the virus

[5,9, 11, 60, 61].

However, basic molecular studies on PRV replication in target cells are still sparse and
mechanisms of disease development, strain variations and so forth have not been elucidated.
This, in addition to the lack of a proper cultivation system, has also delayed the development

of a vaccine against PRV infection and HSMI.

The study of PRV proteins, their role in replication as well as the development of a vaccine

against PRV became the main scientific focus of this thesis work.

4.1. The non-structural protein uNS forms and organizes viral

factories

The initial study investigated the formation of viral factory-like structures that are observed
in PRV infected Atlantic salmon erythrocytes (Paper I). The viral protein uNS is the primary
organizer of factory formation for MRV, and bioinformatics studies had earlier indicated that

the PRV analogue of uNS is encoded by PRV gene segment M3 [55].

Viral factories represent a safe haven where replication, packaging and assembly of novel
viral particles can occur shielded from the cellular virus-associated-molecular-pattern
detection system and subsequent antiviral response [59]. In this study, the subcellular location
of PRV uNS and its co-localization with other PRV proteins was investigated. PRV puNS
forms dense, globular, cytoplasmic inclusions in transfected fish cells, resembling the viral

factory-like structures in PRV infected piscine erythrocytes (Figure 11) [60]. This distribution
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pattern was different from that previously described for recombinantly expressed o1, 63 and
ul [11, 37, 60], and was neither observed when the non-structural protein oNS, or the
structural proteins A1 and p2 were expressed in transfected EPC cells. All other PRV proteins
were evenly distributed in the cytoplasm (Figure 11).

For MRV, viral inclusions with different morphologies have been observed; filamentous
inclusions in the MRV TI1L strain and globular inclusions in the MRV T3D strain [127]. The
morphologic differences are determined by the ability of the virus to interact with the
microtubule system, a feature mapped to MRV p2 [127]. In the filamentous factories, MRV
p2 co-localize with the microtubule system when expressed in cells in the absence of other
viral proteins [118]. In a preliminary study on EPC cells transfected with PRV p2 and stained
with both phalloidin and anti-tubulin-a, two different markers for the microtubule system,
such co-localization was not observed (own data, not published). This finding is consistent

with the findings from MRV T3D.

' NS N-FLAG

AT N-HA

Figure 11. Subcellular localization of PRV proteins.

EPC cells transfected with four different PRV plasmid constructs expressing uNS, oNS, A1, u2, respectively,
processed for fluorescence microscopy at 48 hpt. (A) EPC cells expressing uNS N-FLAG. Boxed region in top
left corner shows EPC cells expressing uUNS-C-FLAG. (B) EPC cells expressing cNS N-MYC. Boxed region
shows oNS-C-MYC. (C) EPC cells expressing u2-C-HA. (D) EPC cells expressing A1-N-HA. From Paper I.
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MRYV uNS and oNS are found in the earliest detectable viral protein-RNA complexes in MRV
infected cells and form cytoplasmic inclusions similar to viral factories seen during
transfection experiments with uNS [118]. Furthermore, MRV uNS interacts with each of the
five structural proteins that make up the core particle (A1, A2, A3, 62 and p2) during replication
[123, 124]. In co-transfection experiments with PRV uNS (Paper I), the oNS, pu2 and Al
proteins were recruited to the globular structures (Figure 12). Immunoprecipitation and
subsequent western blot analysis confirmed the association between uNS-oNS and uNS-p2.
The association between uNS-A1 could not be confirmed, however confocal images clearly
proved redistribution of A1 when co-expressed with uNS (Figure 12). The protein-protein
interaction between uNS and A1 might be of lower affinity than between uNS and the other
two PRV proteins studied. Viral factories are complex structures and several other factors

likely contribute to the protein interactions.

oNS

p2

Al

Figure 12. Subcellular localization of PRV proteins after co-transfection with pNS.

EPC cells transfected with constructs encoding oNS, p2 and Al separately, and co-transfected with uNS. The
cells were processed for confocal microscopy at 48 hpt. (A) EPC cells transfected with NS alone (i) and
cotransfected with uNS (ii-iv). (B) EPC cells transfected with p2 alone (i) and cotransfected with uNS (ii-iv).
(C) EPC cells transfected with A1 alone (i) and cotransfected with uNS (ii-iv). From Paper I.
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The C-terminal of MRV gene segment M3 has four distinct regions comprising 250 amino
acids that are sufficient to form viral factories, including two predicted coiled-coil domains,
a linker region containing a putative zinc hook between the coiled coils, and a short C-terminal
tail region [123]. Deletion of the C-terminal 8 amino acids results in a diffusely distributed
protein [125]. PRV uNS also has a high a-helical content in the C-terminal region, although
amino acid sequence homology to MRV is very low, and only 17% identical when comparing
the whole uUNS sequence [9]. To further study the PRV pNS protein and its ability to form
globular inclusions, we constructed four truncated variants for expression analysis. In contrast
to MRV uNS, two of the truncated PRV uNS variants which had deletions of the C-terminal
10 or 17 amino acids, still formed globular, viral factory-like structures when expressed in
EPC cells. Deletion of the C-terminal 351 amino acids however, resulted in diffusely
distributed protein and no viral factory-like structures, indicating that the feature of viral
factory formation is mapped to the C-terminal end. Deletion of the N-terminal 401 amino
acids also influenced the formation of globular inclusions, but still irregular structures

exhibiting viral factory-like morphology accumulated.

4.2. PRV causes an acute infection in blood cells

In our second study, we set out to investigate the kinetics of viral RNA, viral protein and
antiviral immune responses in blood cells from experimentally PRV infected Atlantic salmon
(Paper II). In order to perform this time course study optimally, two new antisera were
generated from immunization of rabbits with recombinant PRV uNS and Al proteins,
expressed from the ORFs of PRV gene segments M3 and L3 in S9 insect cells and E.coli,
respectively. The raised antisera against uNS and Al, in addition to three other earlier
generated antisera against PRV structural proteins [11, 60], were used for analysis of viral

protein expression.

Results from RT-qPCR targeting genome segments S1, M2 and M3 revealed a high PRV load
in blood during most of the 8 week long experimental cohabitation challenge. Viral RNA was
first detected in blood cells 3 wpc and peaked 5 wpc (Figure 13). After the initial peak, M2
and M3 RNA persisted at a high level throughout the study, while S1 RNA decreased.
Analysis of viral proteins by flow cytometry showed that the uNS and the o1 proteins were
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first detected at 4 wpc, decreased at 5 wpc and were undetectable from 6 wpc and throughout

the study.
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Figure 13. PRV RNA load in blood cells.
RT-qPCR of PRV gene segments S1, M2 and M3 in blood cells from cohabitant fish. Individual (dots) and mean

(line) Ct-values, n = 6 per time-point. wpc = weeks post challenge. From Paper II.

The peak in PRV replication was accompanied by induction of antiviral gene expression. The
amount of viral RNA correlated with the antiviral response in individual fish before and in
the peak phase, but not post peak phase. The continuous high level of M2 and M3 RNA may
imply that the antiviral immune response primarily inhibits replication post transcriptionally,
in line with the functions of PKR and ISG15 in regulation of translation and protein stability,
respectively [227, 228]. Expression of interferon-regulated genes in response to PRV
infection in erythrocytes have been reported earlier [61, 159]. The peak phase of virus
replication in blood cells occur 2-3 weeks before the expected onset of HSMI. The HSMI
lesions are dominated by influx of CDS8 positive lymphocytes, indicating that immune
mediated responses to the virus infection, and not the cytopathic effect of the virus replication
per se, cause the observed myocarditis [158]. Virus-mediated cell lysis is not a common
finding in PRV-infected fish, indicating that PRV has other mechanisms of dissemination

between target cells and organs.

Immunofluorescent microscopy demonstrated the presence of viral factories in blood cells
harvested 4, 5 and 6 wpc. The cells were intracellularly stained with anti-uNS and anti-c1,
and the staining pattern for both proteins resembled globular inclusions that varied in size and

number. At 6 wpc, the number and size of the inclusions were considerably reduced compared
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to peak infection at 5 wpc, and no inclusions were observed after 7 wpc. The cytoplasmic
globular viral factories produced by PRV in vivo resembled those of the MRV T3D strain and
contained the pNS protein, in line with the observation from recombinant protein expression

in paper L.

Corresponding with the timing of viral protein production and observation of viral factories,
TEM analysis of the blood cells showed lamellar structures that developed into inclusions
containing reovirus-like particles from 4 to 5 wpc, while no virus particles could be observed
7 wpce (Figure 14). The different contents in the inclusions may reflect the progress of the
infection of the cell, as lamellar structures were observed at earlier time-points than the

inclusions containing reovirus particles.

Figure 14. TEM of blood cells.

Electron microscopy of PRV infected red blood cells sampled 0 (negative control), 4, 5 and 6 wpc show small
empty vesicles (cross), lamellar structures (arrowhead), reovirus-like particles (arrow) and large empty

inclusions (star). From Paper II.

Immunoprecipitation and subsequent western blot analysis in addition to LC-MS analysis
confirmed that PRV uNS interacts with o1, 62, 63, oNS, ul, Al, A2 and A3 proteins in vivo.
This strongly suggests that uNS interacts directly or indirectly with all three A-proteins, the
pl protein, and possibly all four c-proteins, which is in line with the features of other
orthoreoviral protein homologues to PRV uNS and their role in orchestrating the construction

of viral factories [21, 122, 126].

Blood from individual fish harvested 3, 4, 5 and 6 wpc were also analyzed by western blot
targeting uNS, and compared to the levels of M3 RNA of the corresponding individual
samples (Figure 15). Our results showed that protein and RNA load correlated well in blood
harvested at 4 wpc. However, in blood harvested 5 and 6 wpc, there was no consistency

between virus protein and RNA load. This indicates that the commonly used assessment of
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PRV RNA level by RT-qPCR for quantification of virus in the fish does not accurately reflect

the viral load when preformed post the acute phase.
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Figure 15. Expression of PRV uNS protein in blood cells.
Blood cells from 3, 4, 5 and 6 wpc (n = 6) analyzed for uNS by western blotting. Ct-values for gene segment
M3 (uNS) from the same samples are shown below each lane. M = molecular weight standard; Lane 1 - 6 refers

to individual fish (1-6) per time point. wpc = weeks post challenge. From Paper I1.

During infections, vast amounts of viral mRNA are produced through the first part of the
replication cycle which may be translated in the cytoplasm or confined inside a viral particle
(Figure 16). The host innate immune response might interfere with translation leading to a
build-up of viral RNA compared to viral proteins and particles. For instance, PKR that is
activated by dsRNA and interferon, phosphorylates the eukaryotic translation initiation factor
elF2a and thus inhibits mRNA translation and viral protein synthesis. The genome of PRV
consists of dsSRNA, and interferon is induced in PRV infected blood cells [159]. The RT-
gPCR used for PRV load estimation in tissue and blood could therefore easily overestimate
the viral load, especially in the later stages of infection. In contrast, the load of viral RNA in
serum or plasma would probably not be as prone to overestimation, as most RNA detected is
particles associated. Western blot and flow cytometry measures viral protein, which are
produced during the second part of the replication cycle (Figure 16). This is one step closer

to the assembly of novel infectious viral particles, and a better measurement of viral load.

Previous challenge experiments have shown that PRV RNA can be detected by RT-qPCR at
a steady level in blood for more than a year after challenge [60, 178], indicating that the fish
immune response does not eliminate PRV, and that the infection becomes persistent. In a
previous experiment studying the infectious potential of persistently infected Atlantic salmon,

sentinel fish were added at 59 weeks post challenge, but no transmission to the sentinel fish
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was observed [178]. This indicates that persistently PRV infected fish are not continuously

shedding the virus, but maintain a basic production of viral RNA.
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Figure 16. Replication of Mammalian orthoreovirus.

The model illustrates the replication cycle of MRV divided into two separate parts where viral RNA load and
viral protein load, respectively can be measured by different laboratory methods. Modified from Mohamed et

al, Viruses 2015 [44].

Western blot analysis of pooled blood samples from each time-point in the challenge
experiment targeting PRV proteins c1, 63, nl, uNS and A1, showed that all five proteins
appeared 4 wpc, peaked at 5 wpc, declined sharply at 6 wpc and were undetectable 7 wpc.

The anti-uNS antibody also detected a band corresponding to a molecular weight of about 70
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kDa at 4 wpc, indicating the existence of a smaller size variant of the uNS protein (Figure
15). MRV uNS is generated in two size versions by an alternative in-frame translation
initiation site in the 5’-end of the gene [229, 230]. PRV M3 has only one ORF corresponding
with the Kozak rule of transcriptional activation, although at least two different size variants
of the PRV uNS protein has been predicted considering alternative translational initiation [9].
LC-MS analysis of the smaller size variant of PRV uNS indicate that a potential internal
translation initiation site at M5 can generate a pNSC fragment, homologous to a fragment

of the MRV uNS [56, 229].

Several size variants of the p1 protein were detected by western blot at different time-points
during the challenge study. At 4 wpc the putative full-length variant (74.2 kDa) was observed.
At 5 wpc however, three bands corresponding to approximately 70, 37 and 32 kDa appeared
while the putative full-length variant was absent. At 7 and 8 wpc, only one band with the
molecular weight of about 35 kDa was detected. MRV pl is cleaved at two positions which
generates, in addition to the full-length protein, four different fragments [231]. The N-
terminal autolytic cleavage site N42P43, which produces p1N and pl1C fragment, seems to be
conserved across orthoreoviruses, including PRV [9, 51, 128]. The band observed 4 wpc on
western blot might thus represents the full-length p1 protein, while the 70 kDa band detected
5 wpc may represent u1C. MRV pnl also contains a second cleavage site in its C-terminal
region, between Ysg1 and Gssz, which upon cleavage generates the additional fragments & and
¢ [231]. Although PRV pul only is 28 % identical to MRV pl at the amino acids level [9],
the overall predicted secondary structure is similar [45]. LC-MS analysis of the smaller p1
variants provided support for a second proteolytic cleavage site at or close to F3g7S3ss, yielding
two fragments of 37.7 kDa and 32.1 kDa, close to the sizes estimated from western blot. Thus,
our results suggested that the 37.7 kDa and 32.1 kDa bands may represent the PRV
homologues of MRV 1 fragments 6 and ¢, respectively.

4.3. DNA vaccine expressing the PRV non-structural proteins

The third study aimed at testing the ability of PRV non-structural proteins to induce protective
immunity against HSMI after vaccination. The rationale behind this was: 1) There are

relatively large amounts of the uNS protein in infected cells, as seen in the two previous
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studies; 2) The uNS protein is present in inclusion-like structures, and antigens that are not
easily degradable may give a long-lasting immune stimulation; 3) PRV has so far proven
resistant to cultivation in cell-lines, thus there are no inexhaustible source for correctly folded
PRV antigens; 4) Specific antibodies are formed against uNS in PRV-infected fish, as
demonstrated by bead based antibody assays [183], indicating that uNS could be a suitable
PRV antigen.

A DNA vaccination approach was chosen since the non-structural proteins are restricted to
the intracellular environment, and protein production in DNA vaccine-transfected cells could
mimic this. A DNA vector containing the uNS ORF was tested alone and in combination with
DNA vectors expressing other PRV proteins in a vaccination trial where the protective
efficiency against HSMI was studied. The genes for the different PRV proteins were cloned
in individual vectors. In addition to testing expression of several different PRV protein

combinations, two different expression vectors were tested.

A DNA-layered pSAV replicon vector was compared to a cytolomegalovirus (CMV)
promoter driven pcDNA3.1 vector as delivery vehicles. Five different vaccine combinations
based on the pSAV replicon constructs, all containing the non-structural uNS protein on a
separate plasmid, were developed (Table 4). In addition, four different vaccines based on the
pcDNA3.1 expression vector with the conventional CMV promotor were tested (Table 4).
The DNA-layered pSAV replicon vector utilizes the machinery of the Salmonid alphavirus
and induces strong innate immune responses in Atlantic salmon [220]. Antigen-containing
PSAV replicon vectors have proven to protect against infectious salmon anemia and pancreas
disease in experimental settings [220, 221]. Immunizations with related DNA-layered
alphavirus replicons have been shown to robustly activate the cellular and humoral immune
responses in mammals [232]. On the other hand, the amount of antigens expressed by the
DNA-layered pSAV replicon vectors are lower than conventional CMV promoter driven
expression. Initially, there were no intuitive answer to what would induce the best immune
response and protection against PRV and HSMI; the stronger innate response induced by the

pSAV replicon vector or the larger amount of antigen expressed by pcDNA3.1.

Two separate vaccination trials with Atlantic salmon were performed, both with a 6 week

immunization period, followed by PRV infection by cohabitation. The control groups with

46



mock-vaccinated fish from both trials showed high PRV loads following challenge, indicating

successful infection.

Table 4. Overview of the different DNA vaccines prepared for the two experimental challenges.

All vaccines were blinded before shipment to the aquatic research facility. From Paper III.

Trial #1 Vector Vaccine
1 pPSAV UNS

pSAV uNS + oNS

PSAV UNS + 12 + oNS + 62 + A1 +2A3

PSAV UNS + ul + oNS + o1 + 63 + A2

pPSAV UNS+ul + 12 + NS+ 6l + 62 + 63 + A1 + A2 + A3
pcDNA3.1  uNS+ oNS + ol

pPSAV EGFP (control)

~N O L W

Trial #2 Vector Vaccine

1 pcDNA3.1  uNS+ oNS + ol
pcDNA3.1  uNS + oNS + 63
pcDNA3.1  uNS + oNS
pcDNA3.1  uNS
pcDNA3.1  EGFP (control)
pcDNA3.1  PBS (control)

AN L AW N

In vitro expression analysis from the vaccine constructs showed that transfection efficacy was
higher, as assessed visually, for the pcDNA3.1 constructs compared to the pSAV replicon
constructs. The size of the replicon backbone of 12 073 bp compared to the pcDNA3.1
backbone of 5434 bp could partly explain this, as transfection with larger DNA constructs is
less efficient [233].

From the first vaccination trial, RT-qPCR results and histopathology analysis after challenge
showed that none of the vaccines based on the pSAV replicon vector induced good protection
against HSMI. Still, histopathology lesions consistent with HSMI was slightly reduced in all
groups compared to the mock-vaccinated fish. However, the pcDNA3.1 vaccine combination
UNS + oNS + o1 tested in the first challenge experiment altered the kinetics of PRV infection
and induced full protection against HSMI. RT-qPCR analysis showed significantly reduced
viral loads in blood (p = 0.002 at 8 wpc) and a two-week delay in viral RNA peak, while
histopathologic examination revealed no lesions in the heart of vaccinated fish (Figure 17A).
This clearly indicated the vaccination potential of this triple PRV antigen combination, and

the more potent effect of the CMV-driven pcDNA3.1 vector could indicate that the amount
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of expressed protein is more important for protection against HSMI than the stronger innate
responses induced by alphavirus replicons [234, 235]. PRV is transmitted by cohabitation in
the experimental challenges and must cross the mucosal barrier to infect. The differences in
efficacy between the pSAV and pcDNA3.1 constructs could be that the induction of
protection at mucosal sites or in blocking PRV dissemination to erythrocytes, are related not
only to the specific proteins, but also to the level of expression. Consequently, in the second
challenge experiment, various constructs using the pcDNA3.1 vector was tested, and the

successful pcDNA3.1 vaccine expressing uNS, oNS and 1 was retested.
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Figure 17. PRV RNA load in blood cells and histopathological score in epicard.

RT-qPCR results (left) and histopathological score (right) comparing fish vaccinated with the pcDNA3.1 vector
expressing UNS + oNS + o1, and fish injected with the mock-vaccine(s) in challenge experiment I (A) and II
(B). Individual Ct-values (dots) and mean (line). n = 6/12 per time-point. wpc = weeks post challenge.
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PRV RT-qPCR and HSMI histopathology results from the second experimental challenge
showed that only the retested vaccine from trial #I induced protection against HSML
However, the protection was only moderate in this experiment. At 6wpc, the viral RNA load
was significantly reduced in the pcDNA3.1/uNS + oNS + 61 - vaccinated group compared to
the controls (p =0.012 and p = 0.035 compared to the pcDNA3.1/EGFP and the PBS groups,
respectively). However, at 8 wpc no difference was observed between the groups (Figure
17B). Although histopathological lesions consistent with HSMI were observed after
vaccination in the second challenge, the lesions were reduced compared to the control groups

(Figure 17B).

The experimental conditions in the two challenges were similar (Table 5), nevertheless,
environmental factors cannot be completely controlled. Two different strains of fish were
used in the two challenges, but the control fish in both challenges showed similar response to
cohabitant infection. Also, although more fish were sampled in the second experimental
challenge it included only two time points, which might have reduced the resolution of the

viral kinetics.

Table 5. Experimental conditions.
Table illustrating the experimental conditions set for the two separate challenge experiments. wpv = weeks post

vaccination; wpc = weeks post challenge. Modified from Paper II.

Fish and management Vaccination trial #1I Vaccination trial #I1

Species Atlantic salmon (Salmo salar)

Strain SalmoBreed Standard Stofnfiskur
Origin VESO Vikan Hatchery

Average weight 25-35 grams

Physiological status Presmolts

Number of fish 290 + 20 % shedders 166 + 20 % shedders
Salinity Fresh water during immunization/Salt water during challenge
Stocking density Max 50 kg/m’

Temperature 12°C+ 1°C

Flow Adjusted to 70% oxygen saturation

Water discharge Tube overflow system

Cleaning Once a day

Photoperiod regime L:D=12:12 followed by 24:0

Feeding Automatic feeder

Vaccination Day 0

PRV challenge 6 wpv

Sampling 4,6, 8 and 10 wpc 6 and 8 wpc
Fish sampled per time-point 6 12
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An earlier study has showed that PRV infected fish produce antibodies against both uNS and
u1C approximately two weeks post peak viral RNA load, just about the onset of HSMI lesions
[183]. The formation of specific antibodies against the non-structural uNS protein shows the
ability of this protein to induce a targeted humoral response. uNS is a cytoplasmic protein and
not a part of the extracellular virus particle, and thus more likely to trigger a cellular than
humoral immune response [183]. The PRV uNS protein forms dense, globular, cytoplasmic
inclusions and recruits other PRV proteins for virus replication and assembly (Paper I and II).
These cytoplasmic inclusions may trigger a more effective local innate immune response
leading to recruitment of immune cells to the vaccination site, with antigen presentation and

initiation of long term protection.

All DNA vaccines tested in these two challenge experiments contained the gene for the non-
structural uNS protein. Still, only one of the antigen combinations induced protection against
HSMLI, indicating that the inclusion bodies formed by uNS alone do not induce a sufficient
immune response to induce protection. Co-expression of the non-structural protein oNS,
which during MRV infection facilitates the assembly of virus particles [118, 120], did not
improve protection. However, when combining expression of these to non-structural proteins
with expression of the structural virus receptor binding protein 61, protection against HSMI
was achieved. The mechanism behind this protective immune response has not been
elucidated. A potential explanation could be that the non-structural proteins are required to
induce the optimal innate immune responses and cytokine/chemokine environment to recruit
and activate helper T-cells and B-cells to mount an effective antibody response against 1.
However, a directed cellular response against uNS or cNS-expressing cells may be required
as well. Immunity induced by receptor binding virus proteins are classically antibody-based

and neutralizing [220, 236].
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5. Methodological considerations

During the course of this PhD I have familiarized myself with several different laboratory
methods such as molecular cloning, cell culture, transfection, fluorescent microscopy,
transmission electron microscopy, production of antibodies, western blot, flow cytometry and
RT-qPCR. To generate samples for these studies, I have been acquainted with the use of fish
as a research animal and planning of experimental challenges. In addition, I have been
introduced to the field of mass spectrometry, although this work was conducted at a different
laboratory. The enclosed papers contains detailed information on the use of these methods.
The following sections include considerations regarding the material and methods for which

I have been mostly involved in during the study.

5.1. Plasmid construction

Plasmid DNA is the most common vector for transfecting and expressing novel genes in cell
lines. There are several different tools available for construction of plasmids containing the
genes of interest, and today gene-containing plasmids can even be synthesized from scratch.
In Paper I, we describe the process of constructing plasmids containing the PRV ORFs

encoding the uNS, oNS, u2 and A1 proteins.

Topology, size and promotor of the vector construct are all factors that influence the efficiency
of transfection and expression in cells, and important to consider before planning plasmid
construction. Different promotors can for example be inactive or suppressed in particular cell
types, temperatures or conditions. We chose to use a pcDNA3.1 backbone in our plasmid
constructs since it contain the conventional CMV promotor that has earlier been proven
efficient in transfection of different fish cell lines including those we intended to use (CHSE
and EPC). The CMV promotor is also favorable for high transcriptional activity leading to

high protein production.

The PRV ORFs of uNS, oNS, u2 and A1 were amplified from cDNA originating from PRV-
infected fish. Correct primer design for this amplification step is a key factor for successful

cloning. We made sure the primers were specific for the PRV genes and contained a vector
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complementary sequence for the upcoming cloning procedure, that no secondary structures
or primer dimers were likely to occur, and that the melting temperature (Tm) of both primers
was similar. Further, we chose a proofreading polymerase, the PfuUltra II Fusion HS DNA
polymerase for this amplification to ensure that the risk for mutations were kept at a minimum.
We also considered the length of the product when choosing this enzyme, as the possibility
of random mutations during amplification increases with length. After cloning the gene of
interest into our selected vector, we transformed bacteria using a traditional heat shock
procedure. Electroporation is an alternative transformation method known to be more
efficient, however electroporation requires a dedicated electroporator and special cuvettes.
Finally, plasmid isolation was performed using a commercial column kit for maxi preps.
Purity and quality of the plasmid is critical for a successful transfection as contaminants will
easily kill the cells in subsequent transfection studies, and salt will interfere with lipid
complexing, decreasing transfection efficiency. Our finalized plasmid constructs were

verified by Sanger sequencing.

5.2. Transfection experiments and epitope tagging

Flag, myc and HA tags are polypeptides which can be fused to recombinant proteins to enable
their targeting by antibodies. Such tags were used to label uNS, oNS, p2 and Al for the
subcellular location study described in Paper I. When initiating this project, we lacked specific
antibodies against several of the PRV proteins we wished to study, which led to the use of
epitope tags. Epitope-tags helps in identification of proteins in the cell after transfection, as
commercial antibodies directed against these tags can be used for immunological detection.
Polypeptide tags are usually hydrophilic, which localizes them to the protein surface where
they are easily available for antibody binding. However, hydrophilic tags can influence
protein function, for example by interfering with a protein-binding site, protein folding or the

localization of the proteins in the cell.

In our study, the formation of globular structures by the expressed uNS protein did not appear
to be influenced by cell type, nor C— or N-terminal position of the epitope tag. We performed
several control transfections to check for cell viability, determine whether the reporter assay

was working properly, and to estimate any insert-related problems. Cell growth conditions
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were controlled by including negative controls with no DNA and no transfection reagent, and
we used parallel transfections with well described transfection methods as positive controls

to establish that the reporter assay was working properly.

We cannot rule out that the inclusion formation induced by uNS was due to overexpression
of misfolded protein, known as aggresomes. The CMV promoter of the pcDNA3.1 vector
used is strong and produce high levels of mRNA and protein. However, aggresome formation
usually depends on the microtubule system to accumulate perinuclearly [237]. Co-staining of
uUNS with both Phalloidin and anti-tubulin-a, designed to stain microtubule components, did
not co-localize, indicating that the formation of globular inclusion structures is an intrinsic

property of the uNS protein. This was also confirmed in vivo in paper II.

5.3. Production of polyclonal antibodies

The use of epitope tags is a great option for in vitro studies of compartmentalization of
proteins. However, to confirm our initial results and to further elucidate the kinetics during
PRV infection, we needed specific antibodies targeting the different PRV proteins for in vivo
detection (Paper II). We chose to manufacture polyclonal antibodies (PAbs), as opposed to
monoclonal antibodies (MAbs), against the non-structural protein uNS and the structural

protein Al, during the course of this study.

The technical skills needed to produce PAbs is less demanding than for the production of
MADbs, and they are inexpensive to produce in comparison. PAbs are heterogeneous and
produced from a large number of different B cell clones in the immunized host, which allows
them to bind a wide range of antigen epitopes on the target protein. They are often more useful
than MAbs in techniques such as western blot that include a denaturation step of the target
protein, as many MAbs bind to conformational-dependent epitopes. In a standard western
blot, the sample and electrophoresis buffer contain the denaturing agent sodium dodecyl
sulfate (SDS) and reducing agents like dithiothritol (DTT) that break disulphate bonds within
the proteins. This disrupts the secondary and tertiary protein structure in order to allow
separation of proteins by their molecular mass in the electrophoresis. However, MAbs

generally have a higher specificity and lower background noise, and the use of PAbs often
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bring along laborious optimization steps. The source of PAb is limited to the serum from the
immunized animal, while the MADb theoretically can be produced in inexhaustible quantities

from stored hybridomas.

The produced rabbit antisera were based on immunization with recombinant proteins
expressed in sf9 insect cells (UNS) or E.coli (A1). Both antisera were tested in several different
applications, 1i.e. western blot, flow cytometry, fluorescent microscopy and
immunohistochemistry (uNS, data not published), using recombinant protein in transfected
cells and naturally infected cells. One should be aware that neither expression in sf9 insect
cells nor E.coli can fully mimic the post translational modifications these proteins undergo
after expression in PRV infected salmonid cells. The optimal temperature for PRV
propagation is considerably lower (= 12°C) than what is utilized for sf9 insects cells (= 27°C)
or E.coli (= 37°C). The use of recombinant protein might lead to potential loss of protein
modifications and conformation-dependent epitopes, which should be taken into

consideration when the antibodies are applied in different methods.

5.4. Immunoprecipitation

Immunoprecipitation is the technique of precipitating a protein out of solution using an
antibody that specifically targets that particular protein. In both Paper I and Paper II co-
immunoprecipitation targeting PRV proteins by the use of antibodies against uNS from in
vitro transfected EPC cells or in vivo infected blood cells, respectively, was performed. The
method is applicable when the proteins involved in the complex bind to each other tightly,
making it possible to pull multiple members of the complex out of solution by targeting one
member with an antibody. To further investigate the protein-protein interaction, we used

western blot to detect the co-precipitated proteins.

There are several considerations that should be regarded when using these methods, including
the nature of the antigens and specificity and sensitivity of the available antibodies. The
protein-protein interactions might be direct or indirect involving a third protein functioning

as a bridge between the targeted antigen and the co-precipitated antigen (Figure 18). The
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binding affinities between two proteins might also be below the threshold detectable by the

conditions used in the immunoprecipitation- and western blot assays.
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Figure 18. Co-immunoprecipitation.

Model illustrating the complex-formation in co-immunoprecipitation.

5.5. Protein detection

Immunofluorescent microscopy, western blot and flow cytometry are commonly used
methods for detection of targeted proteins and depend on specific, selective and reproducible
antibodies. Targeting protein in studies of viruses is often more time-demanding than for
example detection of the virus genome using RT-qPCR, in addition, protein analyses like flow

cytometry requires fresh single cell samples for analysis.

5.5.1. Fluorescent microscopy

In Paper I, cells were fixed, stained and prepared for fluorescent microscopy. Images were
captured on an inverted fluorescence microscope (Olympus [X81) and on a confocal laser
scanning microscope (Zeiss LSM 710). Fluorescent microscopy is a broadly applicable
method generally used to assess both the localization and endogenous expression levels of
specifically targeted proteins. There are several considerations to evaluate when using

fluorescent microscopy, including the nature of the antigen, specificity and sensitivity of the
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primary antibody, properties of the fluorescent label, permeabilization and fixation technique

of the sample, and fluorescent imaging of the cells.

Imaging can be performed with fluorophore-conjugated primary antibodies or with non-
conjugated primary antibodies targeted by fluorophore-conjugated secondary antibodies. We
used a secondary antibody for detection in Paper I and II, which may increase background
noise in the images if the secondary antibodies bind unspecific proteins in the cell besides the
targeted primary antibodies. However, by adding controls where mock-transfected cells were
stained after incubation with either the primary and/or the secondary antibodies, we were able

to optimize the protocol and limit background noise.

Another important factor to consider when working with co-transfection and co-staining, is
to choose fluorophores that do not overlap in the emission specter. An overlap will make
separation between the colors emitted by the two fluorophores difficult, and disturb the
interpretation of the result. The secondary antibodies in Paper I was carefully chosen in regard

to limit interaction between the fluorescent labels.

5.5.2. Flow cytometry

Flow cytometry is used for analyzing the expression of cell surface and intracellular
molecules, characterizing and defining different cell types in a heterogeneous cell population,
assessing the purity of isolated subpopulations and analyzing cell size and volume. The
method allows simultaneous multi-parameter analysis of single cells, and quantification of

the cell fraction containing the specific target proteins.

During this thesis work, flow cytometry was used for detection of viral proteins in blood
sampled from Atlantic salmon in Paper II. The non-structural protein pNS, and the outer
capsid protein ol was targeted and flow cytometry measured the fluorescence intensity
produced by the fluorescent-labeled secondary antibodies. The blood was prepared in the

same manner as for intracellular staining and fluorescent microscopy.

The cell suspension is run through the cytometer and a tiny stream of fluid takes the cells past
a laser light one cell at a time. Light scattered from the cells is detected as they go through

the laser beam. A detector in front of the light beam measures forward scatter (FS) correlating
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with cell size, several detectors to the side measure side scatter (SS) proportional to the
granularity of the cells, while fluorescence detectors measure the fluorescence emitted from
positively stained cells. In this manner, cell populations can be distinguished based on
differences in their size and granularity. In our study, we chose to only detect PRV positive
cells in blood and not distinguish between cell types. However, cells were gated according to
size and granularity to include only intact cells, and samples from 0 wpc were used as negative
controls. Due to slight variation in background staining, the flow charts were gated
individually to discriminate between negative and positive peaks. All samples were prepared
in duplicates and also stained with corresponding zero serum, anti-uNS Zero and anti-c1

Zero, to check for unspecific binding and reduce background staining.

The sensitivity and specificity of the antibody will affect the outcome of our analysis and
several dilutions of the antibodies were tested in the staining procedure to minimize
background staining. A weakness in this work was that we fixed, stained and analyzed
samples from two of the time-points immediately, while the rest of the samples were fixed
and stored for 1 — 2 weeks before analysis. To minimize the potential risk of protein
degradation and other storage related problems, we chose not to use flow cytometry as a
quantitative measure of protein load, but rather as a qualitative detection system for the

presence of targeted PRV proteins.

5.5.3. Western blot

Western blot is used as an analytical technique to detect specific proteins in a sample of tissue
homogenate or extract, and provide information on protein mass in kiloDalton (kDa). The
method is complex and time consuming and there are several factors to take into
consideration. Preparation of the sample, i.e. tissue lysis and denaturation of the proteins,
dilutions in regards to sample load and protein detection, and also if you prefer to run the gel
under reducing or non-reducing conditions, are only the first step in the protocol in need of

several considerations.

The method can be divided into several steps were possible problems awaits; gel
electrophoresis, blotting, staining and detection. After sample preparation and gel

electrophoresis where you have to choose an optimal gel concentration, running buffer and
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running conditions, the blotting of protein to a membrane can start. There are a variety of
methods that have been used for this process, i.e. diffusion transfer, capillary transfer, vacuum
blotting transfer and electroelution. Electroelution or electrophoretic transfer is the most
common method because of its speed and transfer efficiency. Among the electrotransfer
systems, you can choose between dry and semi-dry transfer methods, or wet transfer
techniques. We chose a wet transfer technique in this thesis work (Paper I, I and III) as this
was the equipment available in our lab. Further, having chosen the wet transfer system, you
have to consider an optimal membrane type, transfer buffer and blotting conditions. In the
staining procedure, the sensitivity and specificity of the antibodies will affect the outcome,
and optimization of antibody dilutions can give tremendous effect on the final result. After
finalizing the staining procedure, there are also several different available methods for
detection. We chose to use chemiluminescence in this work as this method yields the greatest

sensitivity.

5.6. RT-qPCR

RT-qPCR is a widely used technique that provides valid information regarding gene
expression. However, several factors can influence the quality of data, i.e. variation in sample
handling, selection of material, RNA quality and stability, and analytical conditions. The Ct
value corresponding to virus detection by targeting the RNA genome or expressed viral gene,
is often referred to as a measurement of viral load. However, the quantity of infectious virus
particles as detected by end-point dilution in a susceptible cell line would be a more accurate

measure of viral load.

RT-gPCR used for detection of dsRNA viruses like PRV in infected cells measure all viral
RNA, i.e genomic dsRNA, cRNA and mRNA. In a cell free sample such as serum or plasma,
the dominating form of viral RNA is the dsRNA genome in viral particles. An initial

denaturation step prior to synthesis of cDNA analysis is crucial for analysis.

Our results from Paper II showed that the level of viral RNA and protein only correlated up
until the acute phase of the infection. Post the acute phase, the PRV RNA level, determined
by RT-qPCR, did not reflect the level of virus protein in blood. The acute phase of a PRV
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infection is relatively short, lasting 4-5 weeks, while the infection lasts at least for more than
a year [178], and most probably for a lifetime. Consequently, these findings indicate that
measurement of viral load by RT-qPCR has to be interpreted with caution, especially in field
samples were the exact time of infection is not known. Furthermore, in several publications
we have shown that PRV load peaks 2-3 weeks before HSMI lesions culminate [11, 60].
Combined, these findings indicate that studies of field samples aiming to eluate a relationship
between PRV and HSMI based on viral load assessed by RT-qPCR have fundamental
methodological weaknesses [78, 238]. This is further complicated by the unknown factor of
the relative amounts of mRNA for the different genomic segments of PRV throughout the

infection.

5.7. Experimental challenges

In Paper 111, the conditions for the experimental challenge after vaccination were based on
earlier conducted PRV experimental cohabitation challenge studies. We chose a cohabitation
route of transmission as this resembles the natural way of infection where the virus must cross
the mucosal barrier to infect. On the other hand, mucosal immunity can be difficult to achieve
without using replicating vaccines or mucosal vaccine delivery. However, several factors are
hard to standardize in cohabitation experiments; the infection pressure in the tank will depend
upon the initial infective dose given to the shedders, the immune response of the shedders and
the cohabitants; fish density; fish size and age; water flow; and other environmental factors,

i.e. in a broad sense the interaction between virus, host and environment (Figure 19).

The number of fish sampled, the number of sampling points, what kind of samples, and how
we decide to analyze our samples, will make an impact on the results. We increased the
number of sampled fish from Trial I to Trial II in paper III for more accurate statistics. We
also chose to reduce the number of sampling points, i.e. reduce the costs. However, the
reduction in sampling points was accompanied by an additional sampling of the control fish
at 4 wpc, to estimate the peak viral load and thus plan the two sampling points accordingly.
We chose to only sample heparinized blood, plasma and heart (stored in 4% formalin and
RNAlater), as earlier studies have shown that erythrocytes are important target cells for PRV
and the diagnosis of HSMI is based upon histopathologic lesions in the heart.
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Figure 19. Factors influencing the experimental conditions.

The model illustrates interaction between the main factors influencing the experimental conditions.

In addition, since the aim of this study was to induce protection against HSMI by DNA
vaccination with combinations of different PRV proteins expressed from expression plasmids
or replicons, we chose to assess histopathology lesions in heart as the diagnostic measurement
of HSMI. The histopathologic scores are subjective, and different scales for the scoring of
heart lesions have been used in the literature [11, 239]. Analysis from both challenges
conducted in this study was performed blinded by the same person using a scoring scheme

ranging from 0 to 4.
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6. Main conclusions

The results presented in this work have brought us closer in understanding PRV infection and

development of HSMI.

PRV infection of a cell leads to formation of globular viral factories in the cytoplasm. This
formation is organized by the non-structural protein uNS and is pivotal for early steps in viral
replication. The feature of viral factory formation is mapped to the C-terminal 351 amino
acids of the uNS protein. In co-transfection experiments with PRV uNS, the oNS, u2 and A1
proteins were recruited to the globular structures, and as for other orthoreoviruses the majority

of virus-encoded proteins localize completely or partially within the viral factories.

PRV causes an acute infection in blood cells. The production of PRV proteins and virus
particles in these cells culminates after a relatively short period, i.e. 1- 2 weeks, before the
infection moves into a persistent state. Our results show that PRV protein and RNA levels
only correlate over a short time-period prior to and during the peak phase of viral replication.
Viral factories were observed from 4 to 6 wpc and TEM analysis of infected piscine
erythrocytes showed inclusions containing reovirus particles 5 wpc. Immunoprecipitation and
subsequent western blot analysis in addition to LC-MS analysis confirmed that the factory
generating uNS protein interacts with ol, (62), 63, oNS, ul, A1, A2 and A3 proteins in vivo.
The uNS protein appears early in infection and exist in two isoforms. The smaller size variant
of PRV uNS is possibly encoded from an internal translation initiation site, generating a
uNSC fragment. Several size variants of the p1 protein, probably generated by autolytic and
proteolytic cleavages, were also identified and observed at different time points during
infection. One cleavage fragment of pl was the only viral protein detectable 7 weeks post
challenge (wpc) and onwards, indicating that this pl fragment may be involved in the

mechanisms linked to persistent infection.

The uNS protein is only present in cells during virus replication and has the ability to recruit
other PRV proteins and form globular cytoplasmic inclusions. This ability makes uNS an
intriguing protein and our results from a vaccination trial in Atlantic salmon showed that a
DNA vaccine expressing the non-structural protein uNS in combination with the non-
structural protein NS and the cell attachment protein c1, induce moderate protection against

HSMI.
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7. Future perspectives

PRYV is a ubiquitous virus well-adapted to marine farming of Atlantic salmon. PRV has been
detected in both farmed and wild salmon, but no lesions consistent with HSMI have been
found in the wild population [13]. In the last couple of years, different variants or subtypes
of PRV, i.e. PRV1, PRV2 and PRV3, have been recognized in the aquaculture industry of
salmonids. The virus has been linked to several different disease conditions, i.e. HSMI and
melanised foci in white musculature of Atlantic salmon (PRV or PRV1), EIBS in Coho
salmon (PRV2), and an HSMI-like disease in rainbow trout (PRV3 or PRV-Om), respectively
[7, 8, 33, 34]. Recently, a novel orthoreovirus was associated with epidemic mortality in wild
largemouth bass [35]. This implies that there might be variants of piscine orthoreoviruses

adapted to several other fish species as well.

The different PRV strains might exhibit differences in virulence, which could explain the lack
of HSMI among some populations of Atlantic salmon. Recently, variants of MRV has been
found to trigger inflammatory responses that may lead to the development of celiac disease
[12], indicating that assumed non-pathogenic orthoreoviruses can have long-term effects not
observed during acute infection. The PRV infection might therefore be linked to several, not
yet recognized disease conditions. As the virus has a RNA genome, mutations are frequent
and due to its segmented nature, reassortments of whole genomic segments are likely to occur.
In combination with being ubiquitous in farmed salmon, a small change in virulence can have
a tremendous effect on disease outcome. Grass carp reovirus is a serious disease causing virus
in the very important aquaculture species grass carp, and although it has 11 gene segments
and thus is not an orthoreovirus per se, it is an example of a relatively close relative to PRV
with the ability to induce acute disease and high mortality in aquaculture. A virus such as
PRV, which is well adapted to farming conditions, and has a segmented RNA genome, should
be surveilled for eventual changes in geographical and species distribution, as well as for

variations in its virulence.

Erythrocytes are the main reservoir for PRV and the most abundant cell in both the blood and
the fish as such. However, erythrocytes are poorly investigated target cells for virus infections,
as mammalian erythrocytes are enucleated. This is a basic difference between mammals and
cold-blooded animals, and PRV is an example of an infection operating in this schismatic

area. Basic molecular studies on PRV infection in erythrocytes might therefore lead to more
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information regarding piscine erythrocytes and their functions besides the essential role in O
and CO; exchange and transport. Recent studies have indicated that erythrocytes might play

a role in the fish immune system [67].

More knowledge regarding PRV proteins and their different functions in the virus replication
cycle is of central importance for the understanding of this virus, the diseases it may be
involved in, and ultimately, for the development of efficient vaccine strategies. The course of
this PhD has led to several interesting hypothesis that would be valuable for future research,
i.e. the formation of stress granules or the use of extracellular vehicles as an escape
mechanism. How is the virus transported from cell to cell after the immune response has gone
to action; i.e. during the persistent phase? Can it be shed after the acute phase, and can
stressors such as lice treatment induce this? What is the effect of transmission from the
aquaculture to the wild salmon population of a low virulent, but ubiquitous virus such as
PRV? Can it be utilised as an indicator of the impact of aquaculture on wild fish fauna?

Questions that can be raised are numerous and this paragraph is not intended to be exhaustive.

Viral RNA load versus viral protein load is a field that should be further investigated. This
should be expanded to other viruses as well. RT-qPCR is the standard method for detecting
virus in the aquaculture industry, and as the PRV RNA load does not represent protein load
and thereby virus load after peak replication phase, this method should be questioned.

Development of more cost-efficient methods for detecting protein load might be a future goal.

In this doctoral thesis, I have studied the acute phase of a PRV infection. Further studies
should include the persistent phase as several yet unknown disease conditions might be
associated with PRV. For a ubiquitous virus, with unknown consequences of infection,
management to control transmission and infection should be prioritized in the future.
Vaccines inducing full or partial protection should be further developed and might offer a

mitigation.
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Abstract

Piscine orthoreovirus (PRV) is associated with heart- and skeletal muscle inflammation in farmed Atlantic salmon.

The virus is ubiquitous and found in both farmed and wild salmonid fish. It belongs to the family Reoviridae, closely
related to the genus Orthoreovirus. The PRV genome comprises ten double-stranded RNA segments encoding at least
eight structural and two non-structural proteins. Erythrocytes are the major target cells for PRV. Infected erythrocytes
contain globular inclusions resembling viral factories; the putative site of viral replication. For the mammalian reovirus
(MRV), the non-structural protein uNS is the primary organizer in factory formation. The analogous PRV protein was
the focus of the present study. The subcellular location of PRV uNS and its co-localization with the PRV oNS, u2 and A1
proteins was investigated. We demonstrated that PRV uNS forms dense globular cytoplasmic inclusions in transfected
fish cells, resembling the viral factories of MRV. In co-transfection experiments with uNS, the oNS, u2 and A1 proteins
were recruited to the globular structures. The ability of UNS to recruit other PRV proteins into globular inclusions indi-
cates that it is the main viral protein involved in viral factory formation and pivotal in early steps of viral assembly.

Introduction

Piscine orthoreovirus (PRV) is a member of the family
Reoviridae. The virus is associated with heart and skel-
etal muscle inflammation (HSMI), an important emerg-
ing disease in the intensive farming of Atlantic salmon
(Salmo salar) [1, 2]. HSMI is mainly observed during the
seawater grow-out phase and there is often a prolonged
disease development [3]. The cumulative mortality var-
ies from negligible to 20%, while the morbidity is almost
100% in affected cages [3]. PRV seems to be ubiquitous
in Norwegian salmon farms [4]. Fish kept at high stock-
ing density with frequent handling experience a stress-
ful environment that may result in immunosuppression
and a greater disease burden, thus facilitating the rapid
spread of pathogens [5]. PRV has also been detected in
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wild salmon, but no lesions consistent with HSMI have
been discovered in the wild population [6].

Phylogenetic analysis indicates that PRV branches
off the common root of the genera Orthoreovirus and
Aquareovirus, but most closely related to the orthoreo-
viruses [7, 8]. PRV differs from other orthoreoviruses
like mammalian reoviruses (MRVs) and avian reoviruses
(ARVs) in the ability to infect salmonid fish species at
low temperatures, and in the preference for erythro-
cytes as one of the main target cells. The genome of PRV
comprises ten double-stranded RNA (dsRNA) segments
distributed in the classical orthoreoviral groups of three
large, three medium and four small segments [1, 8, 9].
Currently, the PRV genome has been found to encode at
least ten primary translation products. However, there
is only a limited number of functional studies concern-
ing the different proteins expressed by this virus [10, 11].
Based upon sequence homology to MRV, and the pres-
ence of conserved structures and motifs, eight of the
deduced translation products are assumed structural
components forming the orthoreovirus particle with an

© 2016 Haatveit et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
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inner core and an outer capsid, while two of the transla-
tion products are non-structural proteins [8, 12].

A common feature for the non-structural proteins of
reoviruses is their ability to form viral factories [13, 14].
Viral factories, also known as viroplasms or viral repli-
cation centers, are intracellular compartments for rep-
lication, packaging and assembly of viral particles [13,
15]. Several RNA and DNA viruses have been reported
to induce these specialized membranous compartments
within the cytoplasm of infected cells [16—18]. They
commonly form as invaginations in a variety of orga-
nelles such as mitochondria, endoplasmic reticulum,
lysosomes, peroxisomes, Golgi apparatus or chloroplasts
[18, 19]. The factory scaffold facilitates spatial coordina-
tion of viral genome replication and assembly with the
use of cell resources [18]. The viral factory inclusions
seen during MRV infection consist of viral dsRNA, viral
proteins, partially and fully assembled viral particles,
microtubules and thinner filaments suggested to be inter-
mediate structures [20]. Although organization of viral
factories varies between different virus families, several
fundamental similarities exist. Viruses utilize cellular bio-
synthetic pathways for their morphogenesis and propa-
gation, and use a variety of mechanisms to avoid being
wiped out by the cellular antiviral response [13, 21]. In
the viral factories the viral pathogen-associated molecu-
lar patterns are shielded from inducing the activation of
cellular innate responses [19].

Erythrocytes are major target cells for PRV, and in
infected erythrocytes globular inclusions are formed
and contain both PRV protein and dsRNA [22, 23]. The
inclusions resemble the globular viral factories seen in
MRV type 3 Dearing (T3D) prototype strain infected
cells [19, 22]. Furthermore, the PRV inclusions contain
reovirus-like particles as observed by transmission elec-
tron microscopy (TEM) [22]. This suggests that PRV, like
MRYV, forms viral factories in infected cells.

MRV pNS is the scaffolding protein that organizes
viral factories during MRV infection [24]. Comparison
of the PRV puNS amino acid sequence with the homolo-
gous proteins from MRV and ARV has revealed a very
low sequence identity of only 17%, however, partially
conserved motifs are present [8]. The latter includes a
C-terminal motif shown for MRV uNS to be required
for the recruitment of clathrin to viral factories [8, 25].
Furthermore, predictions of MRV and ARV uNS show
two a-helical coils in their C-terminal region required
for inclusion formation [26-29]. A high a-helical con-
tent in the C-terminal region is also predicted for the
PRV uNS, but coiled coil motifs are predicted with sig-
nificantly lower probability than for MRV and ARV [8].
In addition, MRV and ARV have both been shown to
produce two protein products from gene segment M3 [8,
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30]. Whereas uNS represents the full-length isoform, a
second in-frame AUG (Met,,) in the MRV protein rep-
resents the translational start site for the second isoform
uNSC. In the ARV protein, post-translational cleavage
near the N-terminal region creates pNSN [8, 30]. In PRV
M3, only one open reading frame (ORF) has been identi-
fied encoding the uNS protein [8].

We hypothesized that the pNS of PRV is an organiza-
tion center in the assembly of progeny virus particles.
The aim in this study was to examine the localization of
PRV uNS and its ability to interact with other PRV pro-
teins in transfected cells.

Materials and methods

Cells

EPC cells (ATCC CRL-2872, Epithelioma papulosum
cyprini) and CHSE-214 cells (ATCC CRL-1681, Chinook
salmon embryo) were cultivated in Leibovitz-15 medium
(L15, Life Technologies, Paisley, Scotland, UK) supple-
mented with 10% heat inactivated fetal bovine serum
(FBS, Life technologies), 2 mM L-glutamine, 0.04 mM
mercaptoethanol and 0.05 mg/mL gentamycin-sulphate
(Life Technologies).

Computer analyses

Multiple sequence alignments were performed using
AlignX (Vector NTI Advance" 11, Invitrogen, Carlsbad,
CA, USA) and protein secondary structure predictions
using PSIPRED v3.0. The presence of putative nuclear
localization signals (NLS) in PRV p2 was investigated
using PSORTII, PredictProtein [31] and NLS map-
per. The GenBank accession numbers for the PRV uNS,
oNS, A1 and p2 coding sequences of the present study
are KR337478, KR337481, KR337475 and KR337476,
respectively.

Plasmid constructs

Total RNA was isolated from homogenized tissue from
a natural outbreak of HSMI in Atlantic salmon (MH-
050607) as previously described [8]. RNA was denatured
at 95 °C for 5 min and transcribed into cDNA using
SuperScript® III Reverse Transcriptase (RT) (Invitro-
gen) and Random Primers (Invitrogen) according to the
manufacturer’s protocol. PfuUltra II Fusion HS DNA
polymerase (Agilent, Santa Clara, CA, USA) was used to
amplify the ORFs of uNS, oNS, 2 and Al. The primers
contained the sequences encoding flag-tag, myc-tag or
HA-tag for protein recognition by antibodies [32]. Primer
sequences are shown in Table 1. For both the full-length
puNS and oNS constructs, a pair of expression vectors
was made encoding proteins tagged in either the C-ter-
minus or the N-terminus; pcDNA3.1-uNS-N-FLAG,
pcDNA3.1-uNS-C-FLAG, pcDNA3.1-oNS-N-MYC and
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Table 1 Expression plasmids.
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Plasmid name Primer Sequence (5" — 3)
PCDNA3.T-uNS-N-FLAG Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG
Reverse AAACGGGCCCTCTAGATCAGCCACGTAGCACATTATTCAC
pcDNA3.T-uNS-C-FLAG Forward GCCGCTCGAGTCTAGAGCCACCATGCGCAAGCTGGACTTGGTTGCA
Reverse AAACGGGCCCTCTAGATCACTTGTCGTCATCGTCTTTGTAGTCGCCACGTAGCACATTATTCACGCC
pcDNA3.T-0NS-N-MYC Forward GCCGCTCGAGTCTAGAGCCACCATGGAACAAAAACTCATCTCAGAAGAGGATCTGATGTCGAACTTTGATCTTGG
Reverse AAACGGGCCCTCTAGACTAACAAAACATGGCCATGA
pcDNA3.1-0NS-C-MYC Forward GCCGCTCGAGTCTAGAGCCACCATGTCGAACTTTGATCTTGG
Reverse AAACGGGCCCTCTAGACTACAGATCCTCTTCTGAGATGAGTTTTTGTTCACAAAACATGGCCATGATGC
PCDNA3.T-u2-C-HA Forward GGCGGCCGCTCGAGTCTAGAATGCCTATCATAAACCTGCC
Reverse GTTTAAACGGGCCCTCTAGAAGCGTAATCTGGAACATCGTATGGGTACTCACCAGCTGTAGACCACC
pcDNA3.1- A 1-N-HA Forward CGCTCGAGTCTAGAGCCACCATGTACCCATACGATGTTCCAGATTACGCTATGGAGCGACTTAAGAGGAAAG
Reverse AAACGGGCCCTCTAGATTAGTTGAGTACAGGATGAG
pcDNA3.1-uNSA743-753 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG
Reverse AAACGGGCCCTCTAGATCACCAGTCATCTGAGCCACCAAA
pcDNA3.1-uNSA736-752 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG
Reverse AAACGGGCCCTCTAGATCAGTCGATGATTTTTGGAAACTC
PcDNA3.T-uNSA1-401 Forward GCCGCTCGAGTCTAGAGCCACCATGCCAACCACCTGGTATTCAAC
Reverse AAACGGGCCCTCTAGATCACTTGTCGTCATCGTCTTTGTAGTCGCCACGTAGCACATTATTCACGCC
PCDNA3.1-uNSA402-752 Forward GCCGCTCGAGTCTAGAGCCACCATGGACTACAAAGACGATGACGACAAGATGGCTGAATCAATTACTTTTG
Reverse AAACGGGCCCTCTAGATCATGTGGTCAGGGAATAGTGCAT

Primers used in generating the constructs encoding PRV puNS (M3), oNS (S3), u2 (M1) and A1 (L3) and truncated versions of uNS.

Start codons are marked in bold and epitope tags in italic.

pcDNA3.1-oNS-C-MYC. For p2, the tag was added only
C-terminally and for A1 only N-terminally, pcDNA3.1-
p2-C-MYC and pcDNA3.1-A1-N-HA, respectively. Four
truncated forms of the uNS protein with flag-tags C- or
N-terminally depending on the truncation were also
generated to determine sequence regions in PRV uNS
involved in formation of viral factories during infec-
tion, pcDNA3.1-uNSA1-401, pcDNA3.1-pNSA402-752,
pcDNA3.1-uNSA736-752 and pcDNA3.1-uNSA743-752
(Figure 1). In-fusion HD Cloning Kit (Clontech Labora-
tories, Mountain View, CA, USA) was used to clone PCR
products into the Xbal restriction site of the eukaryotic
expression vector pcDNA3.1(+) (Invitrogen). Sanger
sequencing (GATC Biotech AG, Konstanz, Germany)
verified all sequences. A pcDNA3.1 construct express-
ing the protein encoded by infectious salmon anemia
virus (ISAV) segment 8 open reading frame 2 (SSORF2)
protein [33] was used as a control during transfections,
immunoprecipitation and western blotting.

Transfections of fish cells

EPC and CHSE cells were seeded on gelatin embedded
cover slips (12 mm) with pre-equilibrated L-15 growth
medium at a density of 1.5 x 10* cells in a 24-well
plate 24 h prior to transfection. Plasmids were transfected
using Lipofectamine LTX reagent (Life Technologies)

AA
1 100 200 300 400 500 600 752

L1 1 b 1111111 b1 construct

HNS
HUNSA743-752
UNSA736-752
UNSA402-752
HUNSA1-401

Figure 1 Truncated pNS variants. Schematic overview of the
truncated uNS constructs.

according to the manufacturer’s instructions. In brief, 2
uL lipofectamine was mixed with 0.5 pg plasmid and 0.5
uL PLUS reagent, and diluted in a total of 100 pL Opti-
MEM (Life Technologies). After 5 min of incubation, the
mixture was added to the cells and incubated at 20 °C
for 48 h. When co-transfections were performed, a total
of 0.4 pg of each plasmid were used and the amount of
PLUS reagent was increased to 0.8 pL.

Immunofluorescence microscopy

Transfected EPC and CHSE cells were fixed and stained
using an intracellular Fixation and Permeabilization
Buffer (eBioscience, San Diego, CA, USA). The cells were
washed in Dulbecco’s PBS (DPBS) with sodium azide.
Intracellular fixation buffer was added before incubation
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with primary (1:1000) and secondary antibodies (1:400)
diluted in permeabilization buffer according to the manu-
facturer’s protocol. Antibodies against flag (mouse anti-
flag antibody) and HA (rabbit anti-HA antibody) were
obtained from Sigma-Aldrich (St Louis, MO, USA),
while antibodies against the myc epitope (goat anti-myc
antibody) was obtained from Abcam (Cambridge, UK).
Secondary antibodies against mouse immunoglobulin
G (IgG), goat IgG and rabbit IgG were conjugated with
either Alexa Fluor 488 or 594 obtained from Molecular
Probes (Life Technologies). Hoechst trihydrochloride tri-
hydrate (Life Technologies) was used for nuclear stain-
ing. The cover slips were mounted onto glass slides using
Fluoroshield (Sigma-Aldrich) and prepared for micros-
copy as described above. Images were captured on an
inverted fluorescence microscope (Olympus IX81) and on
a confocal laser scanning microscope (Zeiss LSM 710).

Immunoprecipitation

A total of 5 million EPC cells were pelleted by centrifuga-
tion, resuspended in 100 pL Ingenio Electroporation Solu-
tion (Mirus, Madison, W1, USA) and co-transfected with
8 ug plasmid using the Amaxa T-20 program. pcDNA3.1-
uUNS-N-FLAG was co-transfected with pcDNA3.1-oNS-
N-MYC, pcDNA3.1-u2-C-HA, pcDNA3.1-A1-N-HA and
pcDNA3.1 S8ORF2 (negative control) separately, using
three parallel preparations. The transfected cells were
transferred to 75 cm? culture flasks containing 20 mL
pre-equilibrated L-15 growth medium (described above).
From each culture flask, 0.5 mL transfected cells were
transferred to a 24-well plate intended for expression
analysis by immunofluorescence microscopy. Cells were
collected from the culture flasks 72 h post transfection
(hpt), centrifuged at 5000 g for 5 min and resuspended in
1 mL Nonidet-P40 lysis buffer (1% NP-40, 50 mM Tris—
HCI pH 8.0, 150 mM NaCl, 2 mM EDTA) containing
Complete ultra mini protease inhibitor cocktail (Roche,
Mannheim, Germany). The mix was incubated on ice for
30 min, and then centrifuged at 9700 g for 12 min at 4 °C.
The supernatant was transferred to a new tube, added
antibodies against the desired epitope tag or anti-SSORF2
and incubated overnight at 4 °C with rotation. The Immu-
noprecipitation Kit Dynabeads Protein G (Novex, Life
Technologies) was used for protein extraction and the
beads prepared according to the manufacturer’s protocol.
The cell-lysate-antibody mixture was mixed with the pro-
tein G coated beads and incubated 2 h at 4 °C. The beads-
antibody-protein complex was washed according to the
manufacturer’s protocol.

Western blotting
The beads-antibody-protein complex was diluted in
Sample Buffer (Bio-Rad, Hercules, CA, USA) and
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Reducing Agent (Bio-Rad), denatured for 5 min at 95 °C
and run in sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), using 4-12% Bis—Tris Cri-
terion XT gel (Bio-Rad). Lysates from non-transfected
EPC cells were used as a negative control, and Preci-
sion Plus Protein Western C Standards (Bio-Rad) as a
molecular size marker. Following SDS-PAGE, the pro-
teins were blotted onto a polyvinylidene fluoride (PVDF)
membrane (Bio-Rad) and incubated with primary anti-
body (anti-flag 1:1000) at 4 °C overnight. After incuba-
tion with secondary antibody (Anti-mouse IgG-HRP,
GE Healthcare, Buchinghamshire, UK), the proteins
were detected by chemiluminescense using Amersham
ECL Prime Western Blotting Detection Reagent (GE
Healthcare).

Results

Prediction of secondary structure

The predicted secondary structure profiles of PRV and
MRV uNS were similar despite low sequence identity
(Figure 2). The PRV uNS sequence in this study differs by
twenty-three nucleotides of which twenty are silent (not
shown) to that analyzed in a previous study (GU994018)
[8]. The three amino acids that differed between the two
PRV uNS sequences did not cause significant changes to
the predicted secondary structures as determined by the
PSIPRED program. The remaining three nucleotides all
result in synonymous amino acid differences, i.e., display-
ing similar physiochemical properties (M/Lgy,, 1/V,s; and
A/V,44). For oNS, the difference is six nucleotides and for
A1 twenty-eight, all silent. For p2, the difference is fifteen
nucleotides, all silent except for one synonymous substi-
tution (R/K;;3).

pNS forms viral factory-like structures

EPC cells transfected with pcDNA3.1-uNS-N-FLAG
48 hpt showed small, dense globular inclusions evenly
distributed in the cytoplasm with some larger perinu-
clear inclusions 48 hpt (Figure 3A). A similar staining
pattern was seen with the corresponding C-terminally
flag-labelled construct (Figure 3A, insert), and in CHSE
cells (not shown). EPC cells transfected with the 6NS-N-
MYC, u2-C-HA or A1-N-HA constructs were also exam-
ined 48 hpt (Figure 3B-D). The cNS-N-MYC protein was
evenly distributed in the cytoplasm possibly with some
minor nuclear localization (Figure 3B). A nucleocyto-
plasmic distribution pattern was also observed with the
C-terminally myc-labelled oNS (Figure 3B, insert). Both
the p2-C-HA and A\1-N-HA proteins were evenly distrib-
uted in the cytoplasm (Figure 3C and D), with the former
showing minor staining in the nucleus of some cells (not
shown). Non-transfected cells did not show any staining
(not shown).
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Figure 2 Secondary structure predictions. Secondary structure predictions of the uNS proteins from PRV and MRV (PSIPRED). Accession num-
bers for the MRV and PRV proteins are NC004281 and KR337478, respectively.
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Figure 3 Subcellular localization of PRV proteins. EPC cells transfected with four different PRV plasmid constructs (UNS, oNS, A1, u2) processed
for fluorescence microscopy 48 hpt. A EPC cells expressing uNS N-FLAG. Boxed region in top left corner shows EPC cells expressing uNS-C-FLAG. B
EPC cells expressing oNS N-MYC. Boxed region shows oNS-C-MYC. € EPC cells expressing p2-C-HA. D EPC cells expressing A1-N-HA.

oNS, A1 and p2 are recruited to viral factory-like structures
Viral proteins interacting with uNS were identified
by co-transfecting EPC cells with pcDNA3.1-uNS-N-
FLAG and separately with each of the oNS-N-MYC,
p2-C-HA or A1-N-HA constructs. The puNS protein
retained its globular distribution pattern in the pres-
ence of the other PRV proteins 48 hpt (Figure 4). In
contrast, the staining pattern for oNS, p2 and A1 pro-
teins changed from an evenly cytoplasmic distribution
to globular inclusions co-localizing wholly or partially
with the puNS protein (Figure 4A-C). Co-localization
with pNS was most pronounced for oNS, and oNS was
no longer found in the nucleus (Figure 4A). For p2, the
change in distribution was not as pronounced as for
oNS and A1, but in some cells p2 formed small punc-
tuated structures partially overlapping with the puNS

globular inclusions (Figure 4B). Co-expression of oNS-
N-MYC with either p2-C-HA or A1-N-HA, i.e. in the
absence of uNS, did not alter staining patterns, and
the viral factory-like structures were not formed (not
shown).

oNS and p2 interact with pNS

Immunoprecipitation and western blotting were per-
formed to confirm interactions between PRV uNS and
each of oNS, A1 and p2 (Figure 5). EPC cells were co-
transfected with pNS-N-FLAG and separately with the
oNS-N-MYC, A1-N-HA and p2-C-HA constructs. The
results confirmed that pNS interacts with oNS and p2.
Interaction with A1 on the other hand (Figure 5), or to the
negative control ISAV-S8ORF2 protein, was not observed
(not shown).
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oNS

p2

A1

Figure 4 Co-transfections with uNS. EPC cells transfected with constructs encoding oNS, u2 and A1 and co-transfected with uNS. The cells were
processed for confocal microscopy 48 hpt. A EPC cells transfected with oNS alone and cotransfected with uNS. B EPC cells transfected with p2
alone and cotransfected with uNS. € EPC cells transfected with AT alone and cotransfected with pNS.

Truncated pNS proteins

EPC cells were transfected with plasmid constructs encod-
ing the truncated pNS variants pNS-A743-752, uNS-
A736-752, puNS-A1-401 and pNS-A402-752 (Figure 1).
Small, factory-like globular inclusions were formed by
uNSA743-752 and uNSA736-752 (Figure 6A and B). Indi-
vidual co-expression of these pNS truncated variants with
oNS-N-MYC recruited the latter protein to the factory-
like inclusions, similar to that observed with full-length
uNS (Figures 4A, 6A and B). The pNSA1-401 protein
formed small dense irregular or granular structures in the
cytoplasm with reminiscences to the globular structures
formed by the full-length protein (Figure 6C). The uNSA1-
401 truncated version did also recruit and change the dis-
tribution pattern of oNS (Figures 3B and 6C). In contrast,
uNSA402-752 was evenly distributed in the cytoplasm, and
did not form viral factory-like structures. When pNSA402-
752 was expressed together with oNS, both proteins were
evenly dispersed throughout the cytoplasm (Figure 6D).

Discussion
The reoviral factories are the sites for virus replica-
tion and particle assembly [19]. The MRV uNS is the

scaffolding protein organizing the viral factories includ-
ing gathering of core proteins, while the oNS protein
facilitates construction of core particles and subsequent
particle assembly [20, 24, 29, 34]. Viral factory-like
structures have been observed in PRV infected Atlantic
salmon erythrocytes in both in vivo and ex vivo experi-
ments [22, 23]. In this study we demonstrated that
PRV pNS alone forms dense globular, viral factory-like
cytoplasmic inclusions. The globular, cytoplasmic dis-
tribution of uNS was not seen for the non-structural
oNS or the structural p2 and A1 PRV proteins. How-
ever, these proteins changed their distribution pat-
tern and co-localized with pNS in the dense globular
structures when they were co-transfected with pNS.
Co-transfection of oNS with p2 or A1 did not cause
changes in distribution pattern. Expression of the
N-terminal 401 amino acids did not form viral factory-
like structures, mapping this feature to the remaining
C-terminal 351 amino acids. Immunoprecipitation and
subsequent Western blot analysis confirmed the asso-
ciation between uNS-oNS and pNS-p2. Our findings
strongly suggests that uNS is the prime organizer of
viral factories for PRV.
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Figure 5 Western blot of immunoprecipitated PRV proteins.
Lysates from EPC cells transfected with uNS alone or uNS together
with oNS, u2 or A1 were used for immunoprecipitation (IP) target-
ing the different protein tags. Their ability to co-precipitate uNS was
assessed by western blotting targeting puNS (84.5 kDa).

MRV strains exhibit differences in viral inclusion mor-
phology. Reovirus type 1 Lang (T1L) forms filamentous
inclusions, whereas type 3 Dearing (T3D) forms punctate
or globular inclusions [20, 35]. These morphologic differ-
ences are determined by the ability of the virus to interact
with the microtubule system, a feature mapped to MRV
p2 [35]. In the filamentous factories, p2 co-localize with
and stabilize microtubules when expressed in cells in the
absence of other viral proteins [20, 35]. PRV inclusions
appear similar to the globular inclusion type, closely
resembling the uNS-containing globular viral factories in
reovirus T3D infected cells [35]. We cannot exclude that
there are strains of PRV that forms filamentous inclu-
sions. There might be several not yet recognized PRV-
like viruses that infect other salmonid fish species. It has
been proposed that the larger surface area of filamen-
tous inclusions allow for more efficient viral replication
through better access to small-molecule substrates or
newly synthesized proteins from the surrounding cytosol
[35]. Immunofluorescence and confocal microscopy have
been used to identify globular and filamentous inclusions
after transfection with expression plasmids encoding
proteins from MRV and ARV [27, 36, 37].

Viral factories commonly form early in reovirus infec-
tion as small punctate structures throughout the cyto-
plasm that increase in size and become more perinuclear
during infection [20]. The factories recruit viral proteins,
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which allow the efficient assembly of virus core particles
[34, 38]. We observed that PRV uNS guided the oNS, p2
and A1 proteins to the viral factories. Our rationale for
choosing oNS, p2 and A1 as co-transfectants was that
these are examples of non-structural (oNS) and struc-
tural (42 and A1) proteins in the core particle. MRV pNS
and oNS are found in the first detectable viral protein-
RNA complexes in MRV infected cells and form cytoplas-
mic inclusions similar to the viral factory-like structures
formed in the absence of viral infection [36]. Analysis of
MRV uNS transfected cells revealed that at 6 hpt, uNS
inclusions were uniformly small and spread through-
out the cytoplasm, whereas at 18 hpt and 36 hpt, larger
perinuclear inclusions were present along with smaller
inclusions [20]. In addition to its association with oNS,
MRV uNS has been shown to interact with each of the
five structural proteins that make up the core particle (A1,
A2, A3, 02 and p2) [24, 34]. Although it generally occurs
within 18 hpt, strong co-localization between MRV uNS
and the core surface proteins have been observed as soon
as 6 h post infection [34]. Since PRV replicates at lower
temperatures than MRV, the process of assembling core
proteins to viral factories occurs at a slower rate. Studies
on the ARV have identified a similar role of uNS§ in form-
ing viral factories [27].

The nature of the globular inclusions and their inter-
actions with other PRV proteins might differ in eryth-
rocytes and established cell lines. However, neither cell
line nor C— or N-terminal epitope tagging influenced the
formation of dense globular structures by the PRV uNS.
Transfection of salmon erythrocytes was not successful
(data not shown). Still, globular-type inclusions are com-
mon in naturally PRV infected erythrocytes. This indi-
cates that the formation of globular inclusion structures
is an intrinsic property of pNS.

The ability of uNS to redirect the subcellular localiza-
tions of other PRV proteins can be mediated through
protein—protein interactions. This was observed for
oNS and p2 following immunoprecipitation and west-
ern blotting. Many cellular proteins are only functional
when localized to specific cellular compartments, and
translocation to the appropriate sites can serve to regu-
late protein function [36]. Reovirus proteins involved
in replication are only active within functional centers
characterized by a particular location and protein com-
position [36]. We could not demonstrate protein—pro-
tein interaction between pNS and A1, although confocal
imaging clearly proved redistribution of A1 when the pro-
tein was co-expressed with puNS. Interaction(s) between
uNS and Al is therefore likely but perhaps through the
involvement of a third cellular protein. Alternatively, the
binding affinities between the two proteins are below
the threshold detectable by the conditions used in the
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Figure 6 Co-transfections with truncated pNS variants. EPC cells transfected with pcDNA3.1-uNS-A743-752, pcDNA3.1-uNS-A736-752,
PCDNA3.T-uNS-A1-401 and pcDNA3.1-uNS-A402-752 processed for fluorescence microscopy 48 hpt. A EPC cells expressing uNSA743-752 alone
and co-expressed with oNS. B EPC cells expressing UNSA736-752 alone and co-expressed with oNS. € EPC cells expressing uNSA402-752 alone and
co-expressed with oNS. D EPC cells expressing UNSA1-401 alone and co-expressed with oNS.

immunoprecipitation- and western blot assays. Fur-
ther investigations are needed to study the mechanisms
involved in Al redistribution when co-expressed with
uNS. Since puNS expressed alone forms viral factory-like
inclusions, and is responsible for the redistribution of
other PRV proteins, it is likely one of the first proteins
involved in virus factory formation and thereby essential
in the early steps of viral replication.

Staining of oNS, and to some extend p2, was observed
in the nucleus of transfected cells. The size of the oNS
protein, predicted to be 39.1 kDa, may allow pas-
sive diffusion through the nuclear pores, whereas the
86 kDa p2 protein exceeds the 40 kDa limit for passive

diffusion [39]. MRV oNS and p2 are both shown to be
distributed in the nucleus and the cytoplasm of trans-
fected and infected cells. The ability of MRV oNS to
locate in the nucleus of infected cells has been linked to
its nucleic acid binding capability, while the presence of
MRV 2 in the nucleus of transfected cells is explained
by predicted nuclear import and export signals [20, 24,
40-42]. There are no predicted classical nuclear localiza-
tion signals (NLSs) in PRV oNS [8] or PRV p2 (present
study, using PSORTII and NLS mapper). The presence of
nuclear export signals (NES) have though been predicted
for both proteins. Neither oNS nor u2 was found in the
nucleus after co-transfection with pNS. As pNS does not
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localize to the nucleus, an explanation might be that uNS
sequesters NS and p2 within the cytoplasmic inclusions,
thus reducing the amount of free NS and p2 to enter the
nucleus. This has also been proposed for MRV oNS and
p2 [20, 40]. Further studies are needed to excavate the
functional roles of the observed nuclear localization of
PRV oNS and p2.

The C-terminal part of MRV uNS contains four distinct
regions comprising 250 amino acids that are sufficient to
form viral factories [29]. These regions include two pre-
dicted coiled-coil domains, a linker region between the
coiled coils containing a putative zinc hook, and a short
C-terminal tail [24]. PRV pNS may contain a coiled-coil
motif in its C-terminal region [8]. A deletion of the eight
C-terminal amino acids of MRV uNS results in diffusely
distributed protein throughout the cytoplasm and the
nucleus, suggesting that these amino acids are necessary
for inclusion formation [29]. PRV uNS also contains a
high a-helical content in its C-terminal region although
the sequence identity to the homologous MRV protein is
low [8]. In fact, the predicted secondary structure profiles
of MRV and PRV pNS show significant similarities, high-
lighting the importance of conserving structural features
over primary sequence for the function of homologues
proteins across evolutionary lines. Still, the two C-termi-
nally truncated forms of uNS containing deletions of 10
and 17 amino acids, respectively, formed viral factory-like
structures when expressed in EPC cells, indicating that
factory formation is not dependent on these amino acids.
Deletion of the 401 N-terminal amino acids seemed to
have some influence on the viral factory formation, but
the protein still accumulated in granular structures and
retained its ability to recruit oNS. Deletions of the 351
C-terminal amino acids, on the other hand, resulted in
diffusely distributed protein and absence of globular
inclusions. This indicates that the C-terminal region of
uNS is essential for factory formation. The N-terminal
region of PRV uNS displays a somewhat higher level of
secondary structure conservation when compared to
MRV. In MRY, this region of uNS is crucial for interac-
tions with oNS, g2, A1 and A2 [34, 38].

In conclusion, our results strongly suggest that PRV
uNS protein is essential for factory formation and assem-
bly of viral proteins, similar to that of pNS of other
orthoreoviruses. Further studies on both the structural
and functional properties of PRV proteins can provide
important information relating to disease development
following PRV infections.
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Abstract: Piscine orthoreovirus (PRV) is ubiquitous in farmed Atlantic salmon (Salmo salar) and the
cause of heart and skeletal muscle inflammation. Erythrocytes are important target cells for PRV.
We have investigated the kinetics of PRV infection in salmon blood cells. The findings indicate that
PRV causes an acute infection of blood cells lasting 1-2 weeks, before it subsides into persistence.
A high production of viral proteins occurred initially in the acute phase which significantly correlated
with antiviral gene transcription. Globular viral factories organized by the non-structural protein
uNS were also observed initially, but were not evident at later stages. Interactions between pNS and
the PRV structural proteins Al, u1, o1 and 03 were demonstrated. Different size variants of uNS and
the outer capsid protein pnl appeared at specific time points during infection. Maximal viral protein
load was observed five weeks post cohabitant challenge and was undetectable from seven weeks
post challenge. In contrast, viral RNA at a high level could be detected throughout the eight-week
trial. A proteolytic cleavage fragment of the ul protein was the only viral protein detectable after
seven weeks post challenge, indicating that this pnl fragment may be involved in the mechanisms of
persistent infection.

Keywords: Piscine orthoreovirus; PRV; non-structural protein; uNS; p1; expression kinetics; proteolytic
cleavage; pathogenesis; blood cells; Atlantic Salmon

1. Introduction

Piscine orthoreovirus (PRV) belongs to the genus Orthoreovirus in the family Reoviridae [1,2].
The orthoreoviruses are ubiquitous in various animal species, but only found to be of pathogenic
significance in poultry and recently in fish [3-7]. PRV is abundant in farmed Atlantic salmon
(Salmo salar), detected both in apparently healthy and diseased fish [8-11]. The infection causes
heart and skeletal muscle inflammation (HSMI) and is associated with melanised foci in white muscle
in Atlantic salmon [1,7,12]. HSMl is a prevalent disease and melanised foci is a quality problem; both
conditions are of major economic importance to salmon aquaculture. The pathogenesis of HSMI is not
completely elucidated. Outbreaks of the disease are primarily observed in the seawater phase and last
for several weeks in the population [13], after which the PRV infection becomes persistent [9,11,14].
In experimental cohabitant infection trials, disease onset occurs after 8-10 weeks [15].
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The study of molecular mechanisms linked to PRV infection has been limited by the lack of
susceptible cell lines. Studies of the viral infection have therefore been performed in vivo or by
infecting erythrocytes ex vivo [16]. Piscine erythrocytes are nucleated and contain the transcriptional
and translational machinery necessary for expression of mRNA and proteins [17]. Erythrocytes
are important target cells for PRV and the infection activates an innate antiviral immune response
typical for RNA viruses in these cells [18]. During the peak phase of infection, more than 50% of all
erythrocytes may be infected [19]. Interestingly, severe anemia has not been reported from HSMI
outbreaks in the seawater phase, indicating low or no virus-induced lysis of infected erythrocytes [20].
Recently, a variant of PRV was demonstrated to be the etiologic agent of erythrocytic inclusion body
syndrome (EIBS), a condition associated with anemia and mass mortality in juvenile Coho salmon
(Onchorhynchus kisutchi). The level of anemia in EIBS affected fish corresponded with the level of viral
replication in blood [7]. In addition, infection of rainbow trout in fresh water by yet another PRV
variant is also associated with anemia and an HSMI-like disease [5].

The Orthoreovirus genome consists of ten double-stranded RNA (dsRNA) segments enclosed in a
double protein capsid. The genomic segments are classified according to size with three large (L), three
medium (M) and four small (S) segments encoding the A, i and o class proteins, respectively [3,21].
In mammalian orthoreovirus (MRV), the species type of genus Orthoreovirus, the viral transcription
machinery is located in the inner core and consists of A1, A2, A3, u2 and o2 [22]. The outer capsid
proteins ul, o1 and 03 are involved in cell attachment and membrane penetration during the initial
stages of infection [23-25]. The two non-structural proteins uNS and oNS participate in the formation
of viral factories where viral genome replication and particle assembly occur [21,26,27]. Although
some important amino acid motifs are conserved between MRV and PRV, sequence identities between
homologous proteins are generally low [2]. MRV enters the cell by receptor-mediated endocytosis.
The outer capsid is largely removed and p1 is cleaved at two positions that generate, in addition
to the full-length protein, five different fragments [24,28]. The N-terminal autolytic cleavage site,
which produces pIN and plC, seems conserved across orthoreoviruses, including PRV [2,29,30].
Further cleavage of u1C, mediated by exogenous proteases, generate fragments 6 and ¢ [24].

Structures resembling viral factories have also been observed in PRV-infected erythrocytes,
and recombinant expression of the protein in fish cell lines indicate that PRV uNS has an analogous role
in factory formation [16,19,31]. The majority of virus-encoded proteins localize completely or partially
within these viral factories [2,3,21]. The viral factories in PRV-infected cells resemble the globular
structures observed for the MRV type 3 Dearing (T3D) strain, in contrast to the filamentous-like
viral factories generated by MRV Type 1 Lang (T1L) [19]. The latter is considered the most common
morphology type of orthoreoviral factories [21,32]. Gene segment M3 in MRV and avian orthoreovirus
(ARV) are reported to produce two isoforms of the factory forming uNS protein in infected cells [33-35].
The second isoform is produced by different mechanisms in the two viruses; in MRV, uNSC is expressed
by a second in-frame AUG (Mety;) while in ARV, post-translational cleavage in the N-terminal region
releases uNSN [33,35,36]. In ARV, only full-length uNS interacts with oNS in infected cells, suggesting
that the two isoforms play different roles during ARV infection [34].

Considering the emerging occurrence of HSMI, PRV exhibits a considerable risk for the
aquaculture industry and proper disease control is highly desired. To understand the association
between PRV infection and disease outcome, and also to limit further disease outbreaks, more
information regarding PRV protein kinetics is essential. In the present study, the kinetics of viral
RNA, viral protein and antiviral immune response in blood cells from experimentally PRV-infected
Atlantic salmon were investigated. We hypothesized that PRV causes an acute infection in blood cells
correlating with innate antiviral gene expression, before the infection subsides to a low persistent level.
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2. Materials and Methods

2.1. Construction and Expression of Recombinant Piscine orthoreovirus (PRV) uNS

Following the supplier’s protocol, the BaculoDirect™ Baculovirus Expression System (Invitrogen,
Carlsbad, CA, USA) was used to generate recombinant uNS. The pNS open reading frame (ORF)
(acc. no. KR337478) was obtained by polymerase chain reaction (PCR; primers listed in Table S1)
of the plasmid construct pcDNA3.1 uNS N-FLAG [31] and cloned into the pENTR™ TOPO® vector
(Invitrogen). The pENTR uNS construct was used in a recombination reaction to generate the
recombinant baculovirus DNA. Sanger sequencing (GATC Biotech AG, Konstanz, Germany) confirmed
the sequence of the construct. Spodoptera frugiperda (Sf9) insect cells (BD Bioscience, Erembodegem,
Belgium) cultured in Grace Insect Medium (Invitrogen) supplemented with 10% heat inactivated
fetal bovine serum (FBS, Life Technologies, Paisley, Scotland, UK), 100 U/mL Penicillin, 100 pg/mL
Streptomycin and 0.25 pug/mL Fungizone (Life Technologies), were transfected with recombinant
baculovirus DNA. Passage 1 (P1) viral stock was harvested 11 days post transfection and used to
produce high titer viral stocks according to the supplier’s protocol. The BacPAK quantitative PCR
(qPCR) Titration kit (Clontech, Mountain View, CA, USA) was used to determine the viral titer. Finally,
Sf9 insect cells were infected with Passage 2 (P2) or higher passage of recombinant baculovirus stock
(>1 x 10® copies/mL) and incubated at 27 °C for 96 h for expression of the recombinant uNS protein
containing a C-terminal 6xHis-tag.

2.2. Construction and Expression of Recombinant PRV A1

The ORF of PRV structural protein Al (acc. no. KR337475) encoded by gene segment L3 was
amplified (primers listed in Table S1) using cDNA originating from a HSMI outbreak [31] as template.
The PCR product was cloned into pET100/D-TOPO (Invitrogen) and the sequence verified by Sanger
sequencing (GATC Biotech AG). The pET100-A1 plasmid was transfected into E. coli (BL21 DE3 strain,
Invitrogen) and expressed with a N-terminal 6xHis-tag, following the manufacturer’s instructions.
Protein expression was monitored by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

2.3. Protein Purification

The Sf9 insect cells and the E. coli cells expressing recombinant PRV puNS and Al proteins,
respectively, were pelleted by centrifugation at 5000 x g for 10 min, then dissolved and washed in
phosphate-buffered solution (PBS). Purification of recombinant proteins was carried out using ProBond
Purification System (Life Technologies) following the manufacturer’s instructions. The recombinant
uNS protein was eluted with an elution buffer containing 8 M Urea, 20 mM Na,H, PO, (pH 4.0), and
500 mM NaCl. The purity of the recombinant protein was monitored by SDS-PAGE using a 4%-12%
Bis—Tris Criterion XT gel (Bio-Rad, Hercules, CA, USA). To purify Al, the Ni-NTA agarose was run on
a SDS-PAGE where a band matching the size of A1 was excised. The gel sample containing Al protein
was solubilized in 250 mM Tris-HCl with 0.1% SDS, pH 6.8, sonicated 3 x 5 s and incubated at 4 °C
with shaking overnight. The sample was centrifuged at 10,000 x g for 10 min and the supernatant was
dialyzed using the Slide-A-Lyser® Dialysis cassette with 20,000 molecular weight cut-off (MWCO) and
0.5-3.0 mL capacity (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s protocol.
SDS-PAGE confirmed the purity of the recombinant A1 protein. Protein concentrations for both uNS
and Al were determined using the DC Protein Assay Reagent Package (Bio-Rad), with bovine serum
albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) as protein standard.

2.4. Immunization of Rabbits

The purified recombinant proteins were used for immunization of rabbits and generation of
antisera named anti-pNS #R320684 and anti-A1 #K273. In the first injection, Freund’s complete
adjuvant was added, thereafter the rabbits were boosted three times with Freund'’s incomplete adjuvant
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weekly. The amount of uNS and Al antigen used per immunization was in the range of 45-500 pg.
The rabbit sera produced were tested by Western blotting (WB) and fluorescent microscopy after
transfection of epithelioma papulosum cyprini (EPC; ATCC CRL-2872) cells with pcDNA3.1 uNS
N-FLAG [31] or pcDNA3.1 A1 N-HA [31] (see description below). Antisera controls were collected
prior to immunization. WB and immunofluorescent microscopy confirmed that the rabbit tINS and
Al antisera recognized the uNS and A1l proteins in transfected EPC cells (Figure S1). No staining was
detected using the pre-immunization sera (data not shown).

2.5. Specificity of Antisera

EPC cells were cultivated in Leibovitz-15 medium (L15; Life Technologies) supplemented
with 10% heat inactivated FBS, 2 mM L-glutamine, 0.04 mM mercaptoethanol and 0.05 mg/mL
gentamycin-sulphate (Life Technologies), and seeded at a density of 1.5 x 10* cells/well in a 24-well
plate 24 h prior to transfection. Plasmids pcDNA3.1-uNS N-FLAG and pcDNA3.1-A1 N-HA were
transfected using Lipofectamine LTX reagent (Life Technologies) according to the manufacturer’s
instructions. The cells were fixed and stained 48 h post-transfection with an Intracellular Fixation
and Permeabilization Buffer Set (eBioscience, San Diego, CA, USA) following the manufacturer’s
protocol. Antisera against uNS (1:1000) and Al (1:500); secondary antibody against rabbit IgG
conjugated with Alexa Fluor 488 (Life Technologies) and Hoechst trihydrochloride trihydrate
(Life Technologies) were used for staining. Images were captured on an inverted fluorescence
microscope (Olympus IX81). Transfected EPC cells were also used to further verify anti-pNS and
anti-Al in WB. A total of 3 x 5 million EPC cells were pelleted by centrifugation, resuspended
in 100 uL Ingenio Electroporation Solution (Mirus, Madison, WI, USA) and transfected with 4 ug
pcDNA3.1 uNS N-FLAG or pcDNA3.1 A1 N-HA. The transfected cells were transferred to 75 cm?
culture flasks containing 20 mL pre-equilibrated L-15 growth medium (described above) and collected
72 h post-transfection. The cell pellets were lysed in Nonidet-P40 lysis buffer (1% NP-40, 50 mM
Tris—HCl pH 8.0, 150 mM NaCl, 2 mM EDTA) containing Complete ultra mini protease inhibitor
cocktail (Roche, Mannheim, Germany). The mix was incubated on ice for 30 min, and then centrifuged
at 5000 g for 5 min at 4 °C. The supernatant was mixed with Sample Buffer (Bio-Rad) and Reducing
Agent (Bio-Rad), denatured for 5 min at 95 °C and run in SDS-PAGE, using 4%-12% Bis-Tris Criterion
XT gel (Bio-Rad). Magic Mark™ XP Standard (Invitrogen) was used as a molecular size marker.
Following SDS-PAGE, the proteins were blotted onto a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad) and anti-uNS and anti-A1 were used as primary antibodies and anti-Rabbit IgG-HRP
(GE Healthcare, Buchinghamshire, UK) as secondary antibody. Protein bands were detected by
chemiluminescence (Amersham ECL Plus, GE Healthcare).

2.6. Experimental Challenge of Salmon

A cohabitation challenge experiment was performed at VESO Vikan aquatic research facility,
(Vikan, Norway). The fish had an average weight of 30 grams at the onset of the experiment with a
maximum stocking density of 80 kg/m?, and were kept in 0.4 m? tanks supplied with filtered and
UV-radiated fresh water, 12 °C £ 1 °C with a 12 h light/12 h dark regime. Water discharge of the
tanks was provided by a tube overflow system with 7.2 L/min flow rate. The fish were acclimatized
for two weeks prior to challenge, fed according to standard procedures and anesthetized by bath
immersion (2-5 min) in benzocaine chloride (0.5 g/10 L water, Apotekproduksjon AS, Oslo, Norway)
before handling. Briefly, the experimental study included one group of shedder fish (50%) marked at
the time of PRV-injection by cutting off the adipose fin and one naive cohabitant group (50%). The PRV
inoculum was prepared from a batch of pooled heparinized blood samples from a previous PRV
challenge experiment [19].

On day 0 of the challenge, the heparinized blood was diluted 1:2 in PBS and 0.1 mL of the
inoculum was intraperitoneal (i.p.) injected into the shedders. The inoculum was confirmed negative
for salmon viruses such as infectious pancreatic necrosis virus (IPNV), infectious salmon anemia virus
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(ISAV), salmonid alphavirus (SAV) and piscine myocarditis virus (PMCV) by reverse transcription
quantitative PCR (RT-qPCR). Samples from six fish were collected before initiation of the experiment
to provide time-0 uninfected control material for protein assays. Heparinized blood was collected from
six cohabitant fish at each sampling point; 3, 4, 5, 6, 7 and 8 weeks post challenge (wpc). In addition,
a second cohabitation challenge experiment lasting 10 weeks was performed at the same facility
following a similar experimental design. In this study;, six fish sampled prior to PRV challenge were
used to provide uninfected control material for protein and RT-qPCR assays, and heparinized blood
was collected from six cohabitant fish at 4, 6, 8 and 10 wpc. The second challenge experiment was
otherwise performed under the same conditions as the first experiment. Both experiments were
approved by the Norwegian Animal Research Authority and followed the European Union Directive
2010/63/EU for animal experiments.

2.7. RNA Isolation and Reverse Transcription Quantiative Polymerase Chain Reaction (RT-gPCR)

Total RNA was isolated from 20 uL heparinized blood homogenized in 650 uL QIAzol Lysis
Reagent (Qiagen, Hilden, Germany) using 5 mm steel beads, TissueLyser II (Qiagen) and RNeasy Mini
spin column (Qiagen) as recommended by the manufacturer. RNA was quantified using a NanoDrop,
ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). The Qiagen OneStep kit
(Qiagen) was used for RI-qPCR with a standard input of 100 ng (5 pL of 20 ng/uL) of the isolated total
RNA per reaction in a total reaction volume of 12.5 uL. The template RNA was denaturated at 95 °C
for 5 min prior to RT-qPCR targeting PRV gene segments S1, M2 and M3. The following conditions
were used for S1: 400 nM primer, 300 nM probe, 400 nM dNTPs, 1.26 mM MgCl,, 1:100 RNase Out
(Invitrogen) and 1 x ROX reference dye with the following cycle parameters: 30 min at 50 °C, 15 min
at 94 °C, 40 cycles of 94 °C/15s,54 °C/30 s and 72 °C/15 s in an AriaMx (Agilent, Santa Clara, CA,
USA). Similar conditions and cycle parameters were also used targeting M2 and M3, although primer
concentration was adjusted to 600 nM and annealing temperature to 58 °C. All samples were run in
duplicates, and a sample was defined as positive if both parallel samples had a Ct <35. The fluorescence
threshold for S1, M2 and M3 was set at ARn 0.261, 0.028 and 0.021, respectively. The primers and
probes are listed in Table S1. For analysis of antiviral gene expression, cDNA was prepared from
500 ng RNA using the QuantiTect reverse transcription kit with gDNA elimination (Qiagen) following
the instructions from the manufacturer. Quantitative PCR was performed in triplets on 384-well plates
using cDNA corresponding to 5 ng RNA in a total volume of 10 uL per parallel, SsoAdvanced™
Universal SYBR® Green Supermix, and 500 nM forward and reverse primers (Table S2). The qPCRs
were run for 40 cycles of 94 °C/15 s and 60 °C/30 s. All samples in the sample set were analyzed on the
same plate using the same fluorescence threshold, and the cut-off value was set to Ct 37. The specificity
of the SYBR green assays was confirmed by melting point analysis. Levels of Elongation factor (EF1c)
mRNA were used for normalization of all assays by the AACt method.

2.8. Flow Cytometry

Samples consisting of 1.25 uL heparinized blood (diluted 1:20 in PBS) from each of the cohabitant
fish in the first challenge experiment were plated into 96-well plates for intracellular staining as
previously described [19] using anti-uNS and anti-o1 [4]. The corresponding zero serum, anti-uNS
Zero and anti-o1 Zero [4] were used as negative controls for background staining. Samples originating
from 5 and 8 wpc were fixed, stained and analyzed immediately, while samples from 4 and 7 wpc
were fixed and stored for one week and samples from 0, 3 and 6 wpc were fixed and stored for two
weeks in flowbuffer (PBS, 1% BSA, 0.05% azide) before analysis. The cells were analyzed on a Gallios
Flow Cytometer (Beckman Coulter, Miami, FL, USA), counting 50,000 cells per sample, and the data
were analyzed using the Kaluza software (Becton Dickinson). Cells were gated according to size
and granularity to include only intact cells and samples from 0 wpc were used as negative controls.
Due to slight variation in background staining, the flow charts were gated individually to discriminate
between negative and positive peaks.
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2.9. Immunofluorescence Microscopy

Following flow cytometry analysis, the cells were prepared for immunofluorescence microscopy.
The nuclei were stained with Hoechst trihydrochloride trihydrate (Life Technologies) and the cells
were mounted to glass slides using Fluoroshield (Sigma-Aldrich, St. Louis, MO, USA) and cover slips.
Images were captured on an inverted fluorescence microscope (Olympus IX81).

2.10. Transmission Electron Microscopy (TEM)

Samples consisting of 20 uL heparinized blood from each cohabitant fish in the first experimental
challenge were diluted in 1 mL PBS, centrifuged at 1000 x g for 5 min at 4 °C, washed twice in PBS
and fixed in 3% glutaraldehyde overnight at 4 °C. All samples were further washed twice in PBS and
prepared for transmission electron microscopy (TEM) as described earlier [19]. The sections were
examined in a FEI MORGAGNI 268, and photographs were recorded using a VELETA camera.

2.11. Western Blotting (WB)

Heparinized blood from each cohabitant fish in the first challenge experiment was analyzed
separately and as pooled samples from the different time-points. The samples were centrifuged at
5000% g and the blood pellets was lysed in Nonidet-P40 lysis buffer containing Complete ultra mini
protease inhibitor cocktail and prepared for WB as described above. Anti-uNS (1:1000), anti-p1C
(1:500) [4], anti-o1 (1:1000) [4], anti-o3 (1:500) [2] and anti-A1 (1:500) were used as primary antisera,
Rabbit Anti-Actin (Sigma-Aldrich, St. Louis, MO, USA) was used to standardize the blots and
Anti-Rabbit IgG-HRP (GE Healthcare) was used as secondary antibody. Blood collected at 0 wpc was
used as negative control. In addition, heparinized blood from six of the cohabitant fish sampled at 0, 4,
6, 8 and 10 wpc in the second challenge experiment were prepared and analyzed in the same manner.

2.12. Immunoprecipitation (IP)

Blood from six cohabitants in the first challenge experiment sampled at 4, 5 and 8 wpc were
pooled and lysed in Nonidet-P40 lysis buffer containing Complete ultra mini protease inhibitor
cocktail as described above. The supernatants were transferred to new tubes and added anti-uNS or
anti-p1C (1:50) and incubated at 4 °C overnight with rotation. The Immunoprecipitation Kit Dynabeads
Protein G (Novex, Life Technologies) was used for protein extraction and the beads were prepared
according to the manufacturer’s protocol. The cell-lysate—antibody mixtures were mixed with the
protein G-coated beads and incubated 2 h at 4 °C. The beads—antibody—protein complexes were
washed according to the manufacturer’s protocol and run in SDS-PAGE. The SDS-gel was blotted onto
PVDF membranes (Bio-Rad) and the proteins were detected using anti-uNS, anti-p1C [4], anti-o1 [4],
anti-o3 [2] and anti-Al.

2.13. Liquid Chromatography—Mass Spectrometry (LC-MS)

Five and three fragments immunoprecipitated with anti-uNS (4 and 5 wpc) and anti-p1C (5 wpc),
respectively, that were not observed at 0 wpc, were excised and in-gel digested with 0.1 pg of trypsin
in 20 puL of 50 mM ammonium bicarbonate, pH 7.8 for 16 h at 37 °C (Promega, Madison, WI, USA).
The peptides were purified with p-C18 ZipTips (Millipore, Billerica, MA, USA), and analyzed using an
Ultimate 3000 nano-UHPLC system (Dionex, Sunnyvale, CA, USA) connected to a Q Exactive mass
spectrometer (ThermoElectron, Bremen, Germany). Liquid chromatography and mass spectrometry
was performed as previously described [37]. Data were acquired using Xcalibur v2.5.5 and raw files
were processed to generate peak list in Mascot generic format (*.mgf) using ProteoWizard release
(Version 3.0.331). Database searches were performed using Mascot (Version 2.4.0) against the protein
sequences of A1, A2, A3, uNS, ul, u2, oNS, o1, 02 and 03 assuming the digestion enzyme trypsin and
semi-trypsin, at a maximum of one missed cleavage site, fragment ion mass tolerance of 0.05 Da, parent
ion tolerance of 10 ppm and oxidation of methionines, propionamidylation of cysteines, acetylation of
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the protein N-terminus as variable modifications. Scaffold 4.4.8 (Proteome Software Inc., Portland, OR,
USA) was used to validate MS/MS based peptide and protein identifications.

2.14. Computational Analysis

Theoretical molecular weights for proteins were calculated using the Compute pI/Mw tool [38].
PSI-blast based secondary structure PREDiction (PSIPRED; Version 3.3) was used to predict protein
secondary structure [39].

2.15. Statistical Analysis

Differences in gene expression levels of innate antiviral genes was analyzed using one-way Anova
with Tukey’s multiple comparison test. Correlation analysis between PRV 51/M3 RNA levels and
antiviral and immune gene expression were performed using nonparametric Spearman correlation.

3. Results

3.1. Viral RNA Load in Blood Cells

RT-qPCR targeting PRV genomic segments S1, M2 and M3 revealed high viral RNA loads in
blood cells from 3 to 8 wpc (Figure 1). RNA from segments S1, M2 and M3 were first detected at 3 wpc
and peaked at 5 wpc with mean Ct-values of 17.2 (+0.4), 14.5 (+0.3) and 14.6 (+0.4). From 5 wpc, the
S1 RNA load decreased, and by 8 wpc the mean Ct-value was 26.4 (£0.6). However, a similar decrease
was not observed for the M2 and M3 RNAs, and by 8 wpc mean Ct-values for these genomic segments
were 17.4 (£0.5) and 17.7 (£0.4), respectively. RT-qPCR targeting genomic segment S1 in blood from
six fish sampled at 0, 4, 6, 8 and 10 wpc in the second challenge experiment was also performed and
gave similar results (Figure S2).
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Figure 1. Piscine orthoreovirus (PRV) RNA load in blood cells. Reverse transcription quantitative
polymerase chain reaction (RT-qPCR) of PRV gene segments S1, M2 and M3 in blood cells from
cohabitant fish. Individual (dots) and mean (line) Ct-values, n = 6 per time-point. wpc = weeks
post challenge.
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3.2. Expression of Innate Antiviral Genes in PRV Infected Blood Cells

The innate antiviral immune response in blood following PRV infection was studied by RT-qPCR
targeting Atlantic salmon type I interferon (IFNab), viperin, interferon-stimulated gene 15 (ISG15),
dsRNA-activated protein kinase (PKR) and IFNy. All innate antiviral genes analyzed were statistically
significantly upregulated during the peak phase of PRV infection from 4 to 6 wpc, increasing 5- to
20-fold compared to the level at 3 wpc (Figure 2a, Figure S3). The Ct values for S1 and M3 RNA
correlated with the relative levels of gene expression for all innate antiviral genes, but not for the T-cell
marker genes CD4 and CDS8 (Figure 2b). When comparing the early phase up to the peak of infection
(3-5 wpc) with the later phase (6-8 wpc), S1 RNA was correlated with the innate antiviral response
in both phases, whereas M3 only showed significant correlation in the early phase (Figure 2b). EF1a
were stably expressed during PRV infection and were used for normalization of all other assays by the
AACt method (Figure 54) [15,40].
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Figure 2. Expression of immune genes in blood cells. (a) Immune genes were assayed at 3-8 wpc by
RT-qPCR in blood cells from cohabitant fish (1 = 6 per time point). Data are normalized against EF1a
and the lowest ACt level at 3 wpc (n = 6), and 2-AACt values are calculated. Mean relative expression
is indicated. ISG = interferon-stimulated gene, PKR = double-stranded RNA (dsRNA)-activated
protein kinase; (b) Correlation between Ct values for S1/M3 RNA and relative levels of antiviral gene
expression for a set of immune genes.
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3.3. Flow Cytometry Indicates a Transient Peak in Blood Cells

Blood cells stained intracellularly with anti-uNS and anti-o1 were analyzed by flow cytometry
(Figure 3a, Figure S5). A PRV positive population of blood cells was observed from 4 wpc as a marked
shift in the histograms compared to negative samples. Five out of six fish were positive for uNS by
flow cytometry at 4 wpc, consistent with the RT-qPCR data where the positive fish had lower Ct-values
(18.2 £ 5.6) compared to the negative fish (30.4). At 5 wpc, the PRV positive blood cell population
decreased, but was still visible for all individuals. From 6 wpc and onwards, no PRV-positive cell
populations were observed. The pattern for ol positive cells was similar to that described for uNS.
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Figure 3. Presence of PRV uNS and o1 in blood cells. (a) Intracellular staining of uNS in blood cells
analyzed by flow cytometry from three cohabitant fish sampled at 4, 5 and 6 wpc. The negative control
staining is one fish sampled at 0 wpc. A total of 50,000 cells were counted per sample and 30,000 were
gated for analysis; (b) Fluorescent labeling of uNS (left) and o1 (right) displaying viral factory-like
inclusions (green) in infected red blood cells sampled 0 (negative control), 4, 5 and 6 wpc. The nuclei
were stained with Hoechst (blue).

3.4. Viral Factories Observed in Blood Cells

Both uNS and o1 were detected by immunofluorescence as cytoplasmic globular inclusions in
erythrocytes at 4, 5 and 6 wpc (Figure 3b). The inclusions varied in both size and number. At 4 and
5 wpc, they were predominantly large and perinuclear. Inclusions stained with anti-o1 were generally
smaller and more variable in size than those stained with anti-uNS. At 6 wpc, the number and size
of the inclusions were considerably reduced and at 7 wpc and onward no inclusions were detected.
These findings correlated with the results obtained from flow cytometry.

3.5. TEM of PRV Infected Blood Cells

TEM of PRV infected blood cells sampled at 0, 4, 5 and 6 wpc are shown in Figure 4. The control
cells (0 wpc) contained circular cytoplasmic vesicles (200-500 nm) that were apparently devoid
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of specific content. In addition, a few control cells contained lamellar structures up to 300 nm in
size. At 4 wpc, lamellar structures were frequent and a few large cytoplasmic inclusions (~800 nm)
containing particles with reovirus-like morphology were observed. The viral particles were naked
with an electron dense core that resembled previous TEM descriptions of PRV [19]. At 5 wpc, several
small (200-500 nm) and large (~800 nm) cytoplasmic inclusions containing reovirus-like particles were
detected. The larger inclusions contained a mixture of reovirus-like particles and lamellar structures,
some enclosed within membrane-like structures. At 6 wpc, large inclusions were frequent, but only a
few contained viral particles.

Faiin

Figure 4. Transmission electron microscopy (TEM) of blood cells. PRV-infected red blood cells sampled
at 0 (negative control), 4, 5 and 6 wpc show small empty vesicles (cross), lamellar structures (arrowhead),
reovirus-like particles (arrow) and large empty inclusions (star).

3.6. uNS Protein Expression in Individual Fish Correlate with viral RNA only during the Acute Phase
of Infection

Blood cells from six fish sampled at 3, 4, 5 and 6 wpc were analyzed by WB using anti-uNS
and compared to Ct-values targeting the corresponding genomic segment M3 of the same samples
(Figure 5). No fish were positive by WB at 3 wpc, while five samples at 4 wpc demonstrated bands
at molecular weight (MW) 83.5 (putative full-length uNS) and 70 kDa. The Ct-values from the same
samples corresponded to the positive staining of the putative full-length uNS bands. Fish 6 at 4 wpc,
was negative for uNS by WB; this individual also displayed a higher Ct-value (30.4) than the other
cohabitants. The amount of uNS decreased markedly from 4 to 5 wpc, and the 70 kDa band was barely
detectable at 5 wpc. At 6 wpc, the uNS protein was non-detectable by WB in fish 1, 5 and 6, and only
barely detectable in the remaining fish. Although the uNS protein level decreased below the detection
limit for WB, the corresponding viral RNA levels (genomic segment M3) remained high throughout
the challenge. Thus, uNS protein and M3 RNA levels only correlated at 4 wpc.

3 wpe 4 wpe S wpe 6 wpe
kDaM 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
120 -
100w
NS g0 w o Al L —
"y -—
60 .-
50 -

Ct 24.4 22.1 29.7 29.4 28.1 25.8 16.8 14.8 15.1 17.8 14.2 30.4 14.2 14.6 15.2 14.7 14.1 14.9 15.9 15.1 16.9 15.9 17.3 16.0

Figure 5. Detection of PRV uNS protein in blood cells compared to viral RNA load. Blood cells from 3,
4,5 and 6 wpc (n = 6) analyzed for uNS by Western blotting. Ct-values for gene segment M3 (uNS)
from the same samples are shown below each lane. M = molecular weight standard; Lane 1-6 refers to
individual fish (1-6) per time point.
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3.7. PRV Protein Levels Display a Transient Peak in Blood Cells

The load of structural proteins Al, p1, o1 and 03, and the non-structural protein uNS, displayed a
similar transient peak at 4-6 wpc in blood cells (Figure 6). All five proteins appeared at 4 wpc and were
non-detectable at 7 wpc. In addition to the putative full-length uNS, a band with the MW of about
70 kDa was observed at 4 wpc, consistent with findings from individual fish (Figure 5). The putative
full-length 1 protein (74.2 kDa) was detected at 4 wpc. However, at 5 wpc, this band was not present
but replaced by three bands of approximately 70 kDa, 37 kDa and 32 kDa in size. At7 and 8 wpc,
only one band of approximately 35 kDa was detected. The same staining patterns for the A1, uNS, ul,
o1 and 03 proteins were observed when blood from the second challenge experiment was analyzed
(Figure S6).

wpe
kDaM 0 3 4 35 6 7 8
120
100
pNS g -
-
60 -
50
sl 40 -
o
30 -
50
a3 109 —
30 -
o=
60 -
50 -
nl
0
-—
220
I8 |
S ey
120
100
50 -
—
Actin W
30

Figure 6. Presence of PRV proteins in blood cells. Pooled blood cell samples (1 = 6) from each week
were analyzed by Western blotting, targeting uNS, o1, 03, ul and A1l. M = molecular weight standard.
Actin was used as control for protein load.

3.8. PRV Proteins Interact with uNS

Interaction between uNS and other PRV proteins was studied by IP and WB (Figure 7).
At 4 wpc, uNS was detected as a 70 kDa protein and at the same time-point the structural proteins
Al, ul, ol and 03 were co-immunoprecipitated. At 5 wpc, uNS was detected in three different
sizes ranging from 70 kDa to 83.5 kDa (putative full-length uNS). However, the only structural
proteins co-immunoprecipitating with uNS at 5 wpc were 03 and the 35 kDa fragment of nl
(see above). Interactions between puNS and other viral proteins were also investigated by liquid
chromatography—mass spectrometry (LC-MS; Table 1) and peptides corresponding to A1, A2, A3, uNS,
ul, oNS and ol were identified.
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Figure 7. uNS interacts with multiple PRV proteins. Pooled blood cell lysate (1 = 6) immunoprecipitated
with pNS-antiserum, followed by Western blotting with primary antibodies detecting uNS, u1C, o1, 03
and Al (arrows). M = molecular weight standard.

Table 1. Identified piscine orthoreovirus (PRV) peptides following immunoprecipitation with anti-uNS
and mass spectrometry (MS).

* Band Excised from Identified PRV Unique Theoretical PRV
SDS-PAGE (kDa) Proteins Peptides Protein Size (kDa)

140 (5 wpc) uNS 1 83.5

A3 2 144.5

A2 7 143.7

130 (5 wpc) Al 14 141.5
uNS 9 83.5

ol 1 34.6

Al 11 141.5

80 (5 wpe) uNS 24 835

70 (4 wpc) uNS 16 83.5
uNS 4 83.5

5t 3 37.7

3> G wpo) oNS 1 39.1

ol 2 34.6

* Approximate size of proteins excised from bands following IP with anti-uNS antisera at four and five weeks post
challenge (wpc). ¥ Proteolytic fragment of n1 proposed in the present work.

3.9. uNS Exists in Two Forms

WB of infected blood cells consistently produced two uNS bands of approximately 83.5 and
70 kDa (Figures 5 and 6). Due to the presence of two translation initiation sites in MRV segment M3,
the LC-MS data were analyzed to identify putative shorter variants of the PRV uNS. The peptide
distribution along the full-length uNS sequence and their spectrum matches are shown in Figure S7a.
The uNS peptides and total spectrum matches obtained from the two bands are shown in Figure S7b.
Several N-terminal uNS peptides were identified from the 83.5 kDa band that were not observed in the
70 kDa band. Furthermore, the peptide spectrum matches from the 83.5 kDa and 70 kDa bands in the
200 amino acid N-terminus were 10 to 1, respectively. In contrast, for the remaining C-terminal uNS
sequence, the 83.5 kDa and 70 kDa bands produced similar or identical peptide spectrum matches,
with a ratio of 66 to 63 (Figure S7). These results point to the presence of a second translation initiation
site in the 5’- region of the uNS ORF. Start sites at Mgs, Mos, M115 or M9 would provide proteins with
predicted sizes of 74.5, 73.6, 71.1 and 65.5 kDa, respectively. M5 is the most likely candidate due to its
size and presence in all PRV strains.
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3.10. u1 Has Two Putative Proteolytic Cleavage Sites

WB targeting the p1 protein showed that the protein is present in different forms during infection.
The putative full-length p1 (74.1 kDa) was detected at 4 wpc (Figures 6 and 7). In contrast, smaller
versions, with estimated sizes of 70, 37 and 32 kDa, replaced the full-length variant at 5 wpc (Figure 6).
The three size variants from 5 wpc were subjected to LC-MS analysis (Figure S8). The 70 kDa band
most likely represents n1C following pre-cleavage at NjpPs3 (MW 69.8 kDa). Of the fourteen peptide
spectrum matches identified from the 70 kDa band, two were found to overlap NyP43 (Figure S8a).
This is most likely due to carryover of slightly larger full-length p1 (74.1 kDa) following gel excision.
No peptides stretching N-terminal to N4,P43 were identified from the 37 and 32 kDa bands. Additional
semi-tryptic peptides, i.e., peptides generated by trypsin cleavage at one end but not the other, were
identified from both the 37 and 32 kDa bands (Figure S8a). Among these is a peptide identified
from the 32 kDa band harboring an N-terminal Szgg. Cleavage of n1C at F3375333 would yield N- and
C-terminal fragments of 37.7 kDa and 32.1 kDa, respectively. The distribution of peptide sequences and
peptide spectrum matches provides support for proteolytic cleavage at or close to F3g7S3s8 (Figure S8).
The results suggest that the 37 kDa and 32 kDa bands represent the PRV homologues of MRV nl
fragments 6 and ¢, respectively. Besides the ul peptide sequences, peptides originating from other
PRV proteins with sizes close to the sizes of the three excised fragments, were also identified. Peptide
sequences matching A1 and puNS (one peptide spectrum match each) were identified from the 70 kDa
band, sequences matching o1, 03 and oNS were identified from the 37 kDa band (2, 2 and 11 peptide
spectrum matches, respectively) and 02 sequences were identified from the 32 kDa band (four peptide
spectrum matches).

4. Discussion

Screening of farmed Atlantic salmon has indicated that PRV is ubiquitous in seawater and causes
a persistent infection [9,11,41,42]. The study of PRV pathogenesis has been hampered by the lack of
susceptible cell lines, and is currently dependent upon in vivo experiments. The fish in this experiment
were challenged by cohabitation, i.e., through a natural transmission route. To ensure coordinated
onset of infection, a high ratio of shedder fish was used. We found that PRV infection of salmon blood
cells is acute and transient, with a peak lasting for 1-2 weeks under these experimental conditions.

Erythrocytes are major target cells for PRV [19]. Piscine erythrocytes are nucleated and contain the
transcriptional and translational machinery enabling virus replication both in vivo and ex vivo [16,19].
We detected various PRV proteins in blood cells from 4 wpc, and the amount of protein was reduced at
6 wpc. Innate antiviral gene expression also peaked at 4-6 wpc and all selected genes were significantly
induced during the peak period, in line with PRV protein production. In contrast to the transient
peak displayed by PRV proteins, the viral RNA levels in blood cells persisted. The viral RNA level
though, varied for the targeted genomic segments; the level of M2 (1) and M3 (uNS) remained high
throughout the trial, while S1 (03) transcripts decreased from 6 wpc. TEM analysis corresponded
well with viral protein production, i.e., the lamellar structures observed at 4 wpc developed into
inclusions containing reovirus-like particles at 5 wpc, while no virus particles could be observed at
7 wpc. The findings support PRV, causing an acute infection in blood cells where high PRV protein
and particle production are sustained 1-2 weeks before the infection becomes persistent. Our study
shows that, after the acute phase, the PRV RNA level as determined by RT-qPCR does not reflect the
virus load in blood.

The salmon does not appear to be able to eliminate PRV. Challenge experiments have shown that
PRV RNA can be detected at a steady level in heart and liver until 36 wpc (end of experiment) [41], and
in blood for more than a year after challenge [9,19]. In an experiment where the infectious potential
of persistently PRV infected Atlantic salmon was studied, sentinel fish were added at 59 wpc, but no
transmission to the sentinel fish was observed [9]. This indicates that fish persistently infected with PRV
do not continuously shed the virus. Viral persistence is common in fish and has been demonstrated
for several RNA viruses [9,43—47]. The only PRV protein that could be detected after the peak of
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virus protein production was a fragment of 1, suggesting a possible role for this protein in persistent
infection. In farmed salmon, where the size of the population in a net pen may exceed a hundred
thousand individuals, and in the whole farm be more than a million fish, viral persistence in the
population, but not necessarily in the individual, is also a critical parameter.

PRV infection in erythrocytes has previously been shown to induce expression of type I interferon
and interferon-regulated genes [16,18]. In this study, the level of viral RNA correlated with the innate
antiviral response in individual fish, with the exception of M3 expression after the virus peak (6-8 wpc).
The continuous production of M3 RNA indicates that the innate antiviral immune response primarily
inhibits virus replication post transcriptionally, which is in line with the functions of PKR and ISG15
on translation and protein modification, respectively [48,49].

Orthoreoviruses generate viral factories in the cytoplasm of infected cells [21,27,50-52], and PRV
forms cytoplasmic globular viral factories resembling the structures produced by MRV T3D [16,19,31].
Viral factories are structures where virus replication and assembly occur, and thus where the viral
proteins co-localize. The secluded nature of the viral factories modulates the level of the innate antiviral
immune response. The orthoreoviral protein uNS is orchestrating the construction of the factories
and in this study and earlier studies we have found that A1, A2, A3, u1, oNS, o1, 02 and 03 interact
with uNS [31]. The 03 protein co-precipitated with uNS but was not identified by MS, however WB
can be more sensitive than LC-MS [52]. This suggests that uNS interacts directly or indirectly with
all three A-proteins, the ul protein, and possibly all four o-proteins. The uNS protein was detected
in different molecular sizes at specific time points. Further investigations led to the finding of four
possible internal translation initiation sites in the NS gene. The M5 residue was determined to be
the best candidate as My, is not conserved among all PRV isolates, and Mgs and M9 are unlikely
due to the sizes of the proteins generated. Post-translational cleavage to generate pINSC as shown for
ARV uNS cannot be excluded, although the specific proteolytic cleavage site in the ARV protein is not
conserved in PRV [2,33,53]. The different pNS size variants, i.e., full-length pNS and the 70 kDa variant
with putative translation initiation at M5, may differ in their interactions with other PRV proteins.
At 4 wpc, when only the 70 kDa variant of uNS was detected following IP, all targeted structural
proteins co-precipitated. However, at 5 wpc, when full-length uNS was dominant, only the 03 protein
and the assumed pl fragment  co-precipitated. Studies previously performed on aquareoviruses and
ARV indicate that recruitment of viral proteins into viral factories occurs in a predefined order through
direct or indirect association with uNS [50,54].

Four different molecular sizes of the p1 protein were observed in the infected blood cells. Previous
multiple sequence alignments of the (11 amino acid sequence showed absolute conservation of the
G2-myristoylation site and the autolytic N4yP43 cleavage site, both regarded as crucial for reovirus
pl-mediated membrane penetration [2]. The band observed at 4 wpc represents the full-length pl
protein while the 70 kDa band at 5 wpc most likely represents pu1C.

Although peptides containing amino acid sequences overlapping the NP3 site were observed
from the 70 kDa band following LC-MS, peptides ending in P43 were present in equal amount.
We conclude that the presence of the NyyP43 overlapping peptides originate from carryover of the
slightly larger full-length p1 following gel excision. In addition, proteins can exhibit different abilities
to separate in SDS-PAGE. This explains the presence of a minor fraction of peptides from the 6
fragment (i.e., 37 kDa band) in the ¢ fragment (i.e., 32 kDa band) and vice versa. No peptide sequences
overlapping N4pP43 were identified from the 37 and 32 kDa bands. Rather, a higher number of peptides
with an N-terminal P43 generated by non-tryptic cleavage were identified, providing additional
support for cleavage at NpPys.

MRV pul contains a second cleavage site in its C-terminal region which, upon cleavage by
exogenous proteases, generates the additional fragments  and ¢ [55]. In the present study, we propose
that the 37 kDa and 32 kDa bands represent the PRV homologues of the MRV § and ¢ proteins. Hence,
PRV ¢ contains a larger N-terminal portion of ul compared to MRV ¢. Although there is only 28%
identity at the amino acid level [2], the secondary structure of the PRV pl monomer predicted by
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PSIPRED [39] (not shown) is very similar to that of MRV pl [56]. This includes the helix-rich region
in the C-terminal end [57], which for MRV largely constitutes the ¢ fragment shown to be crucial
for membrane penetration, apoptosis induction and intracellular localization [57,58]. An interesting
observation is that the three PRV pul peptide sequences detected in the 35 kDa band following IP with
anti-uNS were all N-terminal to the proposed ¢ region, suggesting that pNS-interacting sites on p1
may be located in the proposed & region, between P43 and Fsgy. From 7 wpc and onwards, the only
PRV protein detected was a ~35 kDa protein which could represent the 5 proteolytic fragment.

Production-related diseases are often multifactorial and the outcome of a PRV infection is
influenced by viral strain, age of the fish, production and environmental factors. Recently, PRV
was demonstrated to be the etiologic agent of EIBS, causing anemia and mass mortality in juvenile
Coho salmon [7]. The level of anemia in EIBS corresponded well with the level of viral replication
in blood and it is therefore tempting to suggest that EIBS is a consequence of acute PRV infection,
i.e., the direct effect of virus PRV replication in erythrocytes. PRV is also the causative agent of
HSMI [1,4], which appears 2-3 weeks after virus replication peaks in blood cells. The dominance
of CD8 positive inflammatory cells found in the HSMI specific heart lesions indicates that immune
mediated mechanisms are a major cause of the myocarditis.

In this study, we show that PRV infection has an acute phase in blood cells with high virus
production before the infection subsides to a low persistent level. The continued transcription of viral
RNA in the persistent phase suggests that the innate antiviral immune response may act to inhibit the
virus infection post transcriptionally.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4915/9/3/49/s1,
Figure S1: Specificity of uNS and Al antisera; Figure S2: PRV RNA load in blood cells (second challenge
experiment); Figure S3: Expression of immune genes in blood cells; Figure S4: Expression of EFla during PRV
infection; Figure S5: PRV o1 positive blood cells detected by flow cytometry; Figure S6: Presence of PRV proteins
in blood cells (second challenge experiment); Figure S7: LC-MS analyses of PRV uNS; Figure S8: LC-MS analyses
of PRV ul; Table S1: Primers and probes used for construction of plasmids and expression of viral RNA levels;
Table S2: Primers used for analysis of antiviral gene expression.
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Abstract

Piscine orthoreovirus (PRV) is the causative agent of heart and skeletal muscle inflammation
(HSMI) in farmed Atlantic salmon (Sa/mo salar). HSMI causes significant economic losses
to the salmon aquaculture industry, and there is currently no vaccine available. Like other
orthoreoviruses, PRV structures its replication and assembly within cytoplasmic inclusions
called viral factories, organized by the viral protein uNS. The non-structural uNS and oNS
proteins are only present in cells during replication of PRV and are not part of the viral
particle. In two experimental vaccination trials in Atlantic salmon, using DNA vaccines
expressing different combinations of PRV proteins, we have shown that expression of the
non-structural proteins induce moderate protection against HSMI. In particular, expression of
uNS and oNS combined with the cell attachment protein 61, induced a protective effect

against HSMI.



Introduction

Aquaculture is fast-growing globally and expected to increase further to meet future food
demand. Infectious diseases are intrinsic to large-scale monoculture farming and may threaten
the sustainability of the aquaculture industry due to high procreation, rapid spread and lack of
efficient prophylactic measures. Heart and skeletal muscle inflammation (HSMI) in Atlantic
salmon (Salmo salar) is caused by Piscine orthoreovirus (PRV) [1], and is one of the most
prevalent viral diseases in Norwegian salmon aquaculture [2], also reported in Scotland, Chile
and Canada [3-5]. The disease is mainly observed during the seawater grow-out phase and has
a slow disease development [6]. The histopathological characteristics of HSMI are epi-, endo-
and myocarditis, myocardial necrosis, myositis and necrosis of the red skeletal muscle [7, 8].
The accumulated mortality is moderate, ranging from negligible to 20%. The morbidity, on the
other hand, i.e. the prevalence of histopathological changes typical of HSMI in a diseased
population, is close to 100% [7]. HSMI leads to significant economic losses in Atlantic salmon
aquaculture in Norway. Intervention by optimized management remains a challenge, as the

knowledge of PRV transmission routes and effects of disinfection are limited.

PRV is present in farmed Atlantic salmon in Europe, North- and South America, and
considered ubiquitous in the marine phase of Atlantic salmon farming. A virus closely related
to PRV, named PRV-2, was demonstrated to be the etiological agent of erythrocytic inclusion
body syndrome (EIBS) in juvenile Coho salmon (Onchorhynchus kisutchi), causing anemia
and mass mortality [9]. Infection of farmed rainbow trout in fresh water by yet another PRV-

like virus, has been associated with anemia and HSMI-like disease [10].

PRYV is in the family Reoviridae, genus Orthoreovirus, containing ten double-stranded RNA
(dsRNA) genome segments encapsulated in a double-shelled protein capsid [11, 12]. The
genome segments encoding 10 -13 proteins are divided into three size classes; three large (L),
three medium (M) and four small (S), expressing the A, i and ¢ proteins, respectively [12, 13].
Erythrocytes are major target cells for PRV and important for pathogenesis [14], but PRV also
infects myocytes of the heart- and skeletal muscles [15]. Influx of inflammatory cells into heart
and muscle, which commences 1-2 weeks after peak viral replication [16], has named the

disease.



Cytoplasmic, globular inclusions that resemble orthoreoviral factories are formed in infected
erythrocytes [14, 17]. The concentration of the viral products in temporary organelles, called
viral factories, facilitates coordination of the replication, packaging and particle assembly, and
provides protection from the cellular antiviral response [18]. As shown in Mammalian
orthoreovirus (MRV) infections, viral factories are formed as small punctate structures
throughout the cytoplasm early after infection, and grow in size becoming perinuclear as the
infection progresses [19]. For both MRV and PRV, uNS is the scaffolding protein that

organizes these factories [20, 21].

As demonstrated for MRV, trimeric 61 proteins associates with A2 forming the cell attachment
complex, and distinct domains of 61 are involved in binding to target cell receptors [22-27].
Following attachment to the cell, reoviruses are internalized by receptor-mediated endocytosis
[28, 29]. Their release into the cytoplasm through the endosomal membrane is associated with
removal of the outer capsid protein 63 and proteolytic cleavage of ul [28, 30]. Further
proteolytic cleavage after cytoplasmic translocation removes the remaining outer capsid
proteins, generating transcriptionally active core particles [31]. For MRV it has been shown
that monoclonal antibodies that interfere with cell attachment, endosomal release or viral
uncoating, i.e. directed against outer capsid proteins 61, 63 and pnl1C, as well as core protein

A2, can neutralize the virus [32].

PRV has so far resisted propagation in cell cultures, which has made production of inactivated
whole-virus vaccines difficult. In experimental settings, DNA vaccination against viral
diseases in salmonids such as viral haemorrhagic septicaemia (VHS), infectious salmon anemia
(ISA) and pancreas disease (PD) have induced efficient protection [33-35]. A DNA vaccine
against infectious hematopoietic necrosis (IHN) has been used in Canadian aquaculture since
2005 [36] and so far there has been no reports of IHN outbreaks in the vaccinated populations.
Alphavirus replicon vectors, where the non-structural genes are retained and viral structural
protein genes are exchanged with a gene of interest (GOI), i.e. vaccine antigen, have been
developed from several different mammalian alphaviruses and represent efficient tools in
recombinant vaccine development [37]. A salmonid alphavirus (pSAV) replicon vector, has
been found to induce efficient protection against ISA and PD in experimental trials [33, 34, 38-
40]. The generation of double-stranded RNA intermediates from such vectors are assumed to

trigger a favorable immune response after vaccination [41].



The present study was conducted to examine whether DNA vaccines expressing PRV non-
structural proteins, alone or in combination with structural PRV proteins, could induce
protection against HSMI. Both pSAV replicon-driven PRV protein expression and
conventional CMV promoter-driven PRV protein expression were tested. We hypothesized
that expression of the virus factory assembly protein uNS could provide an efficient trigger of

the host immune response during a vaccination trial against HSML

Materials and methods

Plasmid constructs

The full-length open reading frames (ORFs) of PRV genes encoding A1, A2, A3, pl, u2, uNS,
ol, 02, 63 and oNS, were amplified using PfuUltra I Fusion HS DNA polymerase (Agilent,
Santa Clara, CA, USA) and cDNA prepared in an earlier study [21]. pSAV replicon vectors
[33] expressing each of these ORFs individually, and the eukaryotic expression vector
pcDNA3.1 (+) (Invitrogen) expressing PRV uNS, oNS, 61, 63 or enhanced Green fluorescent
protein (EGFP) (control), were constructed. In short, the PCR amplicons of the ORFs were
either cloned into the Agel and Ascl restriction sites of the pSAV replicon (thereby removing
the EGFP of the original replicon construct), or into the Xbal restriction site of pcDNA3.1. Six
additional plasmids containing an epitope tag fused to the gene of interest; pSAV/6NS N-MYC,
pcDNA3.1/6NS N-MYC, pSAV/c2 N-HA, pSAV/u2 N-HA, pSAV/A2 N-HA and pSAV/A3
N-HA, were also constructed for expression analysis as described earlier [21]. Primer
sequences are listed in Table S1. Sanger sequencing (GATC Biotech AG, Konstanz, Germany)

verified all sequences.

Transfections of fish cells

CHSE-214 cells (ATCC CRL-1681, Chinook salmon embryo) were cultivated in Leibovitz L-
15 medium (L15, Life Technologies, Carlsbad, USA) supplemented with 10 % heat inactivated
fetal bovine serum (FBS, Life technologies), 2 mM L-glutamine, 0.04 mM mercaptoethanol
and 0.05 mg/ml gentamycin-sulphate (Life Technologies). A total of 3 million CHSE cells
were pelleted by centrifugation, resuspended in 100 pL Ingenio Electroporation Solution
(Mirus, Madison, WI, USA) and separately transfected with 3 pg of each the plasmids
expressing A1, A2, A3, ul, u2, uNS, o1, 062, 63 or oNS using the Amaxa T-20 program. The
transfected cells were diluted in 1 mL pre-equilibrated L-15 growth medium and 100 pL of the

diluted cells was seeded onto gelatin-embedded cover slips (12 mm) in a 24-well plate for



expression analysis by immunofluorescence microscopy. Transfections with pSAV/EGFP and

pcDNA3.1/EGFP constructs were used as positive expression controls.

Immunofluorescence microscopy

Transfected CHSE-214 cells were fixed and stained using an intracellular Fixation and
Permabilization Buffer (eBioscience, San Diego, CA, USA). The cells were washed in
Dulbecco’s PBS (DPBS) with sodium azide. Intracellular fixation buffer was added before
incubation with primary antibodies, anti-A1 (1:1000) [16], anti-u1C (1:500) [15], anti-uNS
(1:1000) [16], anti-c1 (1:1000) [15], anti-c3 (1:1000) [12], anti-myc (goat anti-myc antibody,
Abcam; Cambridge, UK) or anti-HA (rabbit anti-HA antibody, Sigma-Aldrich; St Louis, MO,
USA). Secondary antibodies were anti-rabbit immunoglobulin G (IgG) conjugated with Alexa
Fluor 488 (Life Technologies, 1:400) or anti-goat IgG conjugated with Alexa Fluor 594 (Life
Technologies, 1:400). Nuclear staining was performed with Hoechst trihydrochloride
trihydrate stain solution (Life Technologies). The cover slips were mounted onto glass slides
using Fluoroshield (Sigma-Aldrich) and images were captured on an inverted fluorescence

microscope (Olympus IX81).

Vaccine preparations

The concentration of plasmid constructs were measured using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and diluted in PBS to
1000 ng/uL. Samples for vaccination were prepared to contain 10 pg of each plasmid construct
in a total volume 50 pL (Table 1). The samples were blinded before initiation of the challenge

experiments.

Vaccination trials

Two cohabitant challenge experiments were performed at VESO Vikan aquatic research
facility (Vikan, Norway) in order to evaluate the vaccine efficacy against HSMI following
immunization with pSAV-based replicon vaccines and pcDNA3.1-based expression vaccines
(Figure 1). The trials were performed using previously unvaccinated Atlantic salmon pre-
smolts with an average weight of 30-40 g, confirmed free of common salmon pathogens. The
fish were kept in a freshwater flow-through system (temperature: 12°C; oxygen: > 70%; pH
6.6-6.9), acclimatized for 1 week and starved 48 hours prior to vaccination. The fish were
randomly selected for vaccination, anesthetized by bath immersion (2—5 min) in benzocaine

chloride (0.5 g/10 L water, Apotekproduksjon AS, Oslo, Norway), labelled with passive
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integrated transponder (PIT) tags (two weeks prior to vaccination) and intramuscularly (i.m.)
injected with the vaccines or control substances. The challenges were performed in connection
with transfer to seawater after a six week immunization- and smoltification/photoperiod
manipulation. The shedders were i.p. injected with 0.1 mL of pooled heparinized blood samples
from a previous PRV challenge experiment [14]. The inoculum was confirmed negative for the
salmon viruses including infectious pancreatic necrosis virus (IPNV), infectious salmon
anemia virus (ISAV), salmonid alphavirus (SAV) and piscine myocarditis virus (PMCV) by
RT-gqPCR. The fish were starved for 24 hours prior to challenge. The experiments were
approved by the Norwegian Animal Research Authority and followed the European Union
Directive 2010/63/EU for animal experiments.

In vaccination trial #I the fish were divided into seven groups, each containing 40 fish, and
immunized by i.m. injection of 10 pg/50 uL per pSAV replicon based vaccine construct,
pcDNA3.1 based vaccine construct or control pSAV/EGFP replicon (Table 1). The vaccination
day was defined as day 0 of the experiment. Ten untreated fish were sampled as controls prior
to the experiment. Another six fish per group were sampled two and six weeks after
vaccination. Six weeks after vaccination, approximately 20 % PRV shedders were introduced
to the challenge tank. The fish were observed daily and fed according to standard procedures.
Six fish per group were sampled at 4 weeks post challenge (wpc), 6 wpe, 8 wpc and 10 wpc,

and euthanized using an overdose of anesthetics.

In vaccination trial #I1I, the fish were divided into six groups, each containing 26 fish, and
immunized by i.m. injection of 10 pg/50 uL per pcDNA3.1 construct, control construct
(pcDNA3.1/EGFP) or PBS (Table 1). At 4 wpc, six fish from the PBS control group were
sampled and analyzed for viral RNA loads in blood to determine suitable time points for the
following two samplings, set to 6 and 8 wpc. Further, 12 fish per group were sampled at these
two time-points before termination of the experiment. Heparinized blood, plasma and heart

(stored in 4% formalin or RN Alater) were sampled from both challenge experiments.

RNA isolation and RT-qPCR

Total RNA was isolated from 20 pL heparinized blood homogenized in 650 pL QIAzol Lysis
Reagent (Qiagen, Hilden, Germany) using 5 mm steel beads, TissueLyser II (Qiagen) and
RNeasy Mini spin column (Qiagen) as recommended by the manufacturer. RNA quantification

was performed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific,
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Wilmington, DE, USA). For the plasma samples, a 10 pL volume was diluted in PBS to 140
puL and used in the Mini spin column (Qiagen), as recommended by the manufacturer. The
Qiagen OneStep kit (Qiagen) was used for RT-qPCR with a standard input of 100 ng (5 puL of
20 ng/uL) of the isolated total RNA per reaction. From the cell free plasma samples, 5 pL input
of total eluted RNA was used. The template RNA was denatured at 95°C for 5 min prior to RT-
qPCR targeting PRV gene segment S1 (S1Fwd: 5’"TGCGTCCTGCGTATGGCACC’3, S1Rev:
5’"GGCTGGCATGCCCGAATAGCA’3 and Slprobe: 5’-FAM-ATCACAACGCCTACCT’3-
MGBNFQ) using the following conditions: 400 nM primer, 300 nM probe, 400 nM dNTPs,
1.26 mM MgClz, 1:100 RNase Out (Invitrogen) and 1 x ROX reference dye. The cycling
conditions were 50°C for 30 min and 94°C for 15 min, followed by 35 cycles of 94°C/15 sec,
54°C/30 sec and 72°C/15 sec in an AriaMx (Agilent, Santa Clara, CA, USA). All samples were
run in duplicates, and a sample was defined as positive if both parallels produced a Ct value

below 35.

Histopathological scoring

Sections for histopathology were processed and stained with hematoxylin and eosin following
standard procedures. Individual fish from both vaccination trials were examined for heart
lesions in consistence with HSMI, discriminating between epicardial and myocardial changes.
The grade of changes was scored from O to 4 using criteria described in Table S2. The
individual histopathological scores were used to calculate the mean score + SD at each time

point of sampling (n = 6 or n = 12) for both epicardial and myocardial changes.

Statistical analyses

The PRV RT-qPCR results and the histopathology scores were analyzed statistically using the
Mann Whitney compare ranks test due to the small sample sizes (n = 6/12). All statistical
analysis described were performed with GraphPad Prism (GraphPad Software inc., USA) and

p-values of p <0.05 were considered as significant.

Results

Expression analysis

All plasmid constructs expressed PRV proteins as observed following transfection of CHSE-
214 cells (Table S3). Expression of the uNS and ol proteins are presented in Figure 2. The

UNS protein formed small punctuate structures throughout the cytoplasm, while o1 had an



even, diffuse, distribution pattern. The pcDNA3.1 constructs yielded a higher number of
positive cells (approximately 40 %), indicating better transfection efficacy, than the pSAV
replicon construct (approximately 15 %), as estimated visually. For some of the pSAV

constructs, only 5 - 10 % transfection efficacy were achieved (data not shown).

Vaccination trial #1

pcDNA3.1 expressing pNS + oNS + o1 significantly reduced PRV loads in blood

The mean PRV Ct-values in blood from all groups, including control group (pSAV/EGFP) in
vaccination trial #I are shown in Figure S1. PRV was first detected by RT-qPCR in blood at 4
wpc in all groups. In the pSAV/EGFP control group, PRV RNA levels were high, peaking at 6
wpc with a mean Ct-value of 14.8 (+ 1.3) and remained high until the end of the study. Group
6, vaccinated with pcDNA3.1 constructs encoding the two non-structural proteins pNS and
oNS and the cellular attachment protein 61, showed lower viral RNA loads in the blood
samples throughout the challenge, and at 8 wpc, the mean PRV Ct-value (25.1 (= 5.4)) was
significantly lower (p = 0.002) than in the control group (16.6 (= 1.5)) (Figure 3B). The viral
kinetics for this group was also delayed compared to the control group, and PRV levels did not
peak in blood until the end of the challenge (10 wpc, Ct-value of 20.1 (£ 4.5)). In contrast, the
viral loads in blood from all five groups vaccinated with pSAV replicon-based constructs were
overall high. However, even though not significant, pSAV expressing uNS and oNS (Group
2) had lower viral RNA levels than the control group at the end of the study (10 wpc), with a
mean Ct-value of 18.8 (+ 3.9). pSAYV replicons encoding all ten PRV proteins (pSAV/uNS +
pl +pu2+oNS + ol + 62+ 03 + Al +A2 + A3; Group 5) showed delayed PRV kinetics with a
peak load of viral RNA at 10 wpc (Ct-value of 16.4 (£ 2.5), Figure 3A). At 6 wpc, Groups 2,
3 and 5 all had significantly lower viral RNA load (p-values of 0.048, 0.023 and 0.026,

respectively), than the control group.

pcDNA3.1 expressing uNS + 6NS + o1 significantly reduced HSMI histopathological
lesions

Histopathological lesions in the heart typical for HSMI were present in the pSAV EGFP control
group at 6 wpc, peaked at 8 wpc with a mean score of 2.7 and 3.3 in the epicardium and
ventricle respectively. The lesions gradually resolved towards 10 wpc. The heart lesions were
characterized by massive epicarditis and infiltration of lymphocytic cells in the compact and
spongy myocardium layer of the ventricle. Mean histopathological scores from all vaccination

groups and the control group from vaccination trial #1 are showed in Figure 5. All vaccinated
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groups had lower heart pathology scores compared to the control group at its peaking point.
Group 6, pcDNA3.1 expressing uNS + oNS + o1, had reduced heart pathology in both the
epicardium and the ventricle at all sampling points post challenge and absence of heart lesions
at 8 wpc (score of 0.0) (p = 0.002) in both compartments, at the time when the pSAV/EGFP
control group peaked (Figure 4). At 10 wpc, 2 out of 6 fish in Group 6 showed histopathological
changes with a mean score for the group of 0.5 for both epicardium and ventricle.Group 1
(pSAV/uNS) and Group 2 (pSAV/uNS + oNS) both peaked in heart pathology 8 wpc, like the
control group, while Groups 3, 4 and 5 (pSAV/uNS + various structural proteins) peaked at 6

wpc.

Vaccination trial #11

pcDNA3.1 vaccine expressing pNS + oNS + o1 reduced viral load in blood

In vaccine trial II, RT-qPCR analysis indicated high PRV loads at the two sampling points 6
and 8 wpc for both control groups with peak viral load at 6 wpc for the pcDNA3.1/EGFP group
(mean Ct-value of 16.1 + 3.3) and at 8 wpc for the PBS group (mean Ct-value of 17.1 = 0.9).
All four vaccinated groups showed reduced viral RNA loads in blood cells compared to the
controls at 6 wpc (Figure S2A). Group 1 (pcDNA3.1/uNS + oNS + 1) showed significantly
lower viral RNA load 6 wpc with a mean Ct-value of 24.2 (= 5.3) (p = 0.012 and p = 0.035
compared to the pcDNA3.1/EGFP and the PBS groups, respectively), before peaking with a
Ct-value of 18.7 (= 1.8) at 8 wpc (Figure 6). Group 4 (pcDNA3.1/uNS) was the only group
that showed higher PRV RNA levels than the control groups at 8 wpc, with a mean Ct-value
of 15.6 (£2.0).

pcDNA3.1 vaccine expressing pNS + oNS + 61 reduced viral loads in plasma

In general, the pattern of viral RNA levels in plasma from vaccination trial II was similar to
that of the viral RNA levels in blood, for all vaccination groups (Figure S2B). The pSAV/EGFP
control group peaked at 8 wpc with a mean Ct-value of 26.0 (£ 1.2) and the PBS group peaked
at 6 wpc with a mean Ct-value of 26.7 (£ 6.4). Group 1 (pcDNA3.1/uNS + oNS + c1) showed
significantly reduced PRV RNA levels in plasma at both 6 and 8 wpc with a mean Ct-value of
32,8 (£ 3.5) at 6 wpe (p = 0.000 and p = 0.011 compared to the pcDNA3.1/EGFP group and
the PBS group), and 28.0 (= 2.5) at 8 wpc (p = 0.021 and p = 0.013 compared to the
pcDNA3.1/EGFP group and the PBS group, respectively) (Figure 6). At 6 wpc, Group 2
(pcDNA3.1/uNS + oNS + 63) and Group 3 (pcDNA3.1/uNS + oNS), also showed significantly
reduced viral RNA levels in plasma with Ct-values of 30.0 (+4.8) and 31.1 (£ 4.3), compared
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to the pSAV/EGFP (p= 0.014 and 0.007, respectively) and the PBS (p = 0.023 and 0.013,
respectively) control groups. Group 4 (pcDNA3.1/uNS) showed higher PRV load than the

control groups 6 wpc, with a mean Ct-value of 27.2 (£ 5.3).

pcDNA3.1 vaccine expressing pNS + oNS + o1 reduced histopathological lesions in heart
Histopathological lesions in the heart typical for HSMI were present in all fish from the
control groups at 8 wpc, with a mean histopathological score of 2.5 (£ 0.2) and 4.0 (= 0.0) in
the epicardium and the ventricle, respectively, for the pSAV/EGFP group, and 2.1 (+ 0.4)

and 4.0 (£ 0.0) for the PBS group. Mean histopathological scores for all groups from
vaccination trial #II are shown in Figure 7. Group 1 (pcDNA3.1/uNS + oNS + 1) showed
reduced histopathological lesions 8 wpc with mean score of 1.0 (£ 0.6) and 2.5 (£ 1.5) in the
epicardium and ventricle, respectively (Figure 8). Group 2, 3 and 4 also showed reduced
histopathological scores in both epicardium and ventricle at 8 wpc, although the results are

not significant compared to the control groups.

Discussion

In this study, a pcDNA3.1-based vaccine expressing the PRV non-structural protein uNS, the
non-structural protein NS, and the cell attachment protein c1 [12], delayed the kinetics of
PRV infection and induced protection against HSMI in Atlantic salmon. The vaccine was tested
in two independent experimental infection trials, inducing full protection against HSMI (as
determined by histopathology) in the first trial and moderate protection in the second trial.
Various combinations of DNA-layered alphavirus-replicon constructs were tested in Trial #I,
where PRV uNS was expressed alone or in combination with NS and structural PRV capsid
and core proteins. All vaccine constructs reduced HSMI-specific heart lesions compared with
the control group in this trial. However, the group vaccinated by the pcDNA3.1/uNS + oNS +
ol combination was better protected than any of the groups vaccinated by replicon constructs.

Consequently, in Trial #I1, various constructs using the pcDNA3.1 backbone were compared.

PRV protein expression from pSAV replicon constructs and pcDNA3.1 was confirmed in vitro
in Chinook salmon embryo (CHSE) before used in vivo in the vaccination trial. [40]. As
visualized by fluorescent microscopy, more cells seemed transfected by the pcDNA3.1
constructs than the pSAV replicon constructs. The larger pSAV replicon backbone (12 073 bp)
compared to the pcDNA3.1 backbone (5434 bp) could partly explain the differences in
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transfection efficiency; transfection with larger DNA constructs are generally less efficient
[42]. The amount of PRV protein expressed in the transfected cells increased from 24 h until
96 h post transfection regardless of the expression vector. This is consistent with earlier studies,
which have shown that expression from pSAV replicon constructs peak at day 4 post
transfection [40, 43]. Previous studies have shown that expression of EGFP from pSAV/EGFP
transfected CHSE-214 cells is delayed and lower compared to the reporter expressed under the
control of an immediate-early CMV promoter, which is the promoter in pcDNA3.1 [43]. This
is in line with the results from the transfections in this study. The delay in protein production
from pSAV constructs could be explained by the pSAV expression mechanisms, which require
transcription and translation of the alphaviral replicase complex and transcription of the copy
(minus) strand of the genome before transcription of the subgenomic ORF containing the PRV
coding sequences. The higher efficiency of protein expression from pcDNA3.1 motivated us

to test them in the second trial.

Control groups with mock-vaccinated fish were surveilled to verify proper infection after
experimental challenge with PRV. In challenge Trial #1, the control group was vaccinated with
pSAV/EGFP, whereas in challenge Trial #II, two control groups were used; one vaccinated
with a pcDNA3.1/EGFP construct and one given PBS. PRV RNA levels were analyzed in
blood (Trial #I and II) and plasma (Trial #II), reaching peak levels approximately 6 wpc in
control groups, which is in line with previous cohabitant PRV challenge experiments [15]. In
addition, typical histopathological lesions were observed in the heart and thus the criteria for
the diagnosis of HSMI were fulfilled [8, 44]. Ideally, vaccine candidates should also be tested
for protection against mortality compared to mock-vaccinated or unvaccinated fish groups,

however, mortality has not been observed in PRV challenge experiments [7, 11, 14].

All five vaccine combinations of the pSAV-replicon constructs contained the gene for the non-
structural uNS protein, which is responsible for organization of viral factories during PRV
replication [21]. The PRV uNS protein forms dense, globular, cytoplasmic inclusions and
recruits other PRV proteins to a workshop for virus replication and assembly [21]. One of the
pPSAYV based vaccines contained only the pNS-expressing construct, and the typical pNS
inclusions were observed when the construct was transfected into CHSE-214 cells. This
vaccine altered the kinetics of PRV infection, but protection against HSMI was only moderate,
suggesting that uNS does not induce a sufficient protective immune response. The second

pSAV replicon construct combination expressed uNS and oNS, which is another non-structural

11



protein linked to viral factories. The functional properties of the cNS protein has not been
studied for PRV, but for MRV oNS has been shown to facilitate the assembly of virus particles
[45, 46]. Here, adding the NS construct to the vaccine did not improve protection. In the third
and fourth vaccine combinations, the uNS and oNS constructs were kept, while the core
proteins; Al, A3, u2 and o2, and the outer capsid proteins; A2, ul, ol and 63 were added,
respectively. Neither of these vaccines reduced the PRV RNA levels in blood compared to the
control, but a moderate reduction in cardiac histopathological scores was again observed. In
the fifth DNA-layered pSAV-replicon vaccine group, all the primary ORFs of the PRV
genomic segments were expressed, and although the viral RNA levels were not significantly
reduced compared to the control group at 8 wpc, the histopathological score was significantly
lower than that of the control group at the time of maximum change, i.e. 8 wpc. In conclusion,
the various combinations of the pSAV replicon construct expressing non-structural and
structural PRV proteins did only induce moderate protection against HSMI. Alphavirus
replicons have previously been demonstrated to express dSRNA and to induce stronger T cell
immune response than conventional DNA vectors [43, 47]. The pathogenesis of HSMI is not
fully elucidated, but the histopathological lesions are characterized by influx of inflammatory
cells, indicating that immune-mediated mechanisms are responsible for development of the

disease [16].

In the first vaccine trial, the combination uNS, oNS and 1 expressed by pcDNA3.1 vectors,
reduced the virus load significantly and almost completely abolished histopathological
changes. Therefore, the second experimental challenge was set up with pcDNA3.1 expression
vectors only. Two of the vaccination groups were similar to the earlier groups, only changing
from pSAV replicon vectors to pcDNA3.1 expression vectors. However, in the second
experimental trial, although viral RNA levels and heart pathological lesions were reduced
compared to the control groups, the protection was only moderate. The two experimental
challenges were set up with similar experimental conditions. Environmental factors however,
cannot be completely controlled and might have affected the different outcomes. Fish with
different genetic backgrounds were used in the two trials. However, HSMI has been detected
in all salmon producing counties in Norway [48], and there are currently no indications that the
virus shows selective preference for specific salmon strains or families. Control fish in both
experimental challenges showed similar infection kinetics following the cohabitant infection

confirming equal infection efficiency in both salmon groups. Also, even though more fish were
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sampled in the second experimental challenge, they were only sampled twice, which might

have led to information loss regarding viral kinetics.

In Trial #1, the combination uNS, oNS and o1, which induced full protection when expressed
through the pcDNA3.1 backbones, was also included in the pSAV replicons groups, in the
vaccines that contained the outer capsid proteins (Groups 4 and 5). Interestingly, this
combination only induced minor protection suggesting that the amount of expressed protein
might be more important for protection against HSMI than the stronger immune responses
induced by alphavirus replicons [41, 47]. In these experimental trials, PRV was transmitted by
cohabitation and thus needed to cross the mucosal barrier in order to establish an infection. IgT
is the specific mucosal antibody in salmonids [49]. The differences in efficacy between the
pSAV and pcDNA3.1 constructs could be that the induction of protection at mucosal sites or
of mechanisms blocking PRV dissemination to erythrocytes are dependent upon viral protein

expression levels.

Besides the uNS, oNS and 61 combination, three other pcDNA3.1 based vaccines were tested
in vaccination trial #I1. In Group 2, the uNS and oNS proteins were expressed in combination
with the outer capsid protein 3. The 63 protein is a major part of the outer virion surface
forming a heterohexamer with pul [50]. Compared to the control groups, viral RNA load in
plasma was significantly reduced at 6 wpc and partly reduced in both blood and plasma at 8
wpc. In the third pcDNA3.1 vaccine group, uNS was expressed in combination with cNS only.
Here, the viral RNA load in plasma was significantly reduced at both sampling points compared
to the control groups. Both Group 2 and 3 also showed reduced histopathological lesions in the
heart at the end of the challenge, although the reduction was not significant. The last pcDNA3.1
vaccine group expressed uNS alone, and in this group, viral RNA load was similar or even
increased compared to the control groups. However, this vaccine also offered reduced
histopathological lesions in the heart at 8 wpc, indicating that the viral factory forming protein
could be a suitable target for immunization even though uNS alone was not capable of

mounting a desired response.

A number of combinations of PRV proteins expressed as DNA vaccines was tested in the
present study. Co-expression of uNS, oNS and ¢1, combining two non-structural proteins and
the putative receptor-binding protein, proved advantageous The intracellular non-structural

proteins are most likely to trigger a cell-mediated immune response while the outer capsid
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protein ol is a good candidate for the production of neutralizing antibodies. In addition,
abundant expression from the pcDNA3.1 vector might have been decisive for the recruitment
and activation of the immune system. The mechanism of protection after successful vaccination
against viral infection in fish is not fully understood and might dependent upon several factors.
Studies on both IPNV and PD has claimed good correlation between antibody titer or
neutralizing antibodies and protection acquired after vaccination trials, indicating that the
humoral immune response might be important for protection [51, 52]. A study on ISAV showed
a stronger correlation between survival and the cell mediated immune response [53]. Based on
this, it is likely that a combined response provides the most optimal protection. Antibodies that
interfere with cell attachment, endosomal release or viral uncoating, i.e antibodies against 61,
03, ulc, and A2, have been demonstrated to inhibit MRV infection in both cell culture systems
and mice [32, 54, 55]. It is thus likely that ¢ and p protein analogues in PRV are targets for
antibodies in infected salmon and that neutralizing antibodies may have a role in defense
against the virus [56]. A recent report using novel bead-based assays for detection of specific
antibodies against PRV proteins, demonstrated a distinct increase in specific antibodies against
plC and puNS in plasma of Atlantic salmon during the course of an experimental PRV
challenge [56]. The mechanisms of protection in the current vaccination trials were not
elucidated and future studies should include antibody assays as well as gene expression analysis

focusing on the immune response.

Aquaculture confine animals under high density which generally facilitate transmission of
infectious agents and reduced resistance to disease [57], and vaccination to control infectious
diseases is necessary for the sustainability of aquaculture. PRV has been detected in various
salmonid species; Atlantic salmon, rainbow trout (Oncorhynchus mykiss), chum salmon (O.
keta), cutthroat trout (O. clarkii) and brown trout (Salmo trutta) [48, 58] and PRV’s ability to
infect several species and having a segmented genome prone to re-assortment, are factors that
may ease rapid evolution. Controlling PRV infection may therefore limit a considerable risk
factor for the aquaculture industry, and the development of protective vaccine candidates
against HSMI is an important step. With the estimated future growth in aquaculture, proper

disease control depends upon development of efficient vaccines.
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Tables

Table 1. Vaccine groups

The combination of vaccine antigens and the expression vector backbone in Trial #I and Trial #I1.

Vaccination trial #I
Group Vector Vaccine
1 pSAV UNS
pPSAV UNS + oNS§
pSAV UNS + 2 +oNS + 62+ Al +23
pSAV UNS +ul +oNS +61 +03 +12
PSAV UINS +pl +p2 +oNS+61+62+063+A1 +A2+13
pcDNA3.1 NS +oNS +0ol
pPSAV EGFP (control)

e = LV R SN VL I

Vaccination trial #II

Group Vector Vaccine
1 pcDNA3.1 uNS +oNS +ol
2 pcDNA3.1 uNS + oNS + 03
3 pcDNA3.1 uNS +oNS
4 pcDNA3.1 NS
5 pcDNA3.1  EGFP (control)
6 pcDNA3.1  PBS (control)
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B
Fish and management Vaccination trial #I Vaccination trial #II
Species Atlantic salmon (Salmo salar)
Strain SalmoBreed Standard Stofnfiskur
Origin VESO Vikan Hatchery
Average weight 25-35 grams
Physiological status Presmolts
Number of fish 290 + 20 % shedders 166 + 20 % shedders
Salinity Fresh water during immunization/Salt water during challenge
Stocking density Max 50 l;:gf’m3
Temperature 12°C=1°C
Flow Adjusted to 70% oxygen saturation
Water discharge Tube overflow system
Cleaning Once a day
Photoperiod regime L:D = 12:12 followed by 24:0
Feeding Automatic feeder
Vaccination Day 0
PRV challenge 6 wpv
Sampling 4,6, 8 and 10 wpc 6 and 8 wpc
Fish sampled per time-point 6 12

Figure 1. Vaccine trial setup
(A) The time-course and sampling points for the two vaccination trials. (B) Table containing the experimental

conditions or the two experimental trials. wpv = weeks post vaccination. wpc = weeks post challenge.
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pPSAV

pcDNA3 1

Figure 2. Expression of pNS and o1 from vaccine vectors in fish cells
CHSE cells expressing the non-structural protein pNS and the structural protein o1 after transfection with pSAV

replicon constructs (top row) or pcDNA3.1 constructs (bottom row). The cells were processed for fluorescence

microscopy 96 h post transfection and the nuclei were stained with Hoechst (blue).
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Figure 3. Vaccine trial #I: Piscine orthoreovirus (PRV) RNA load in blood cells

RT-qPCR of PRV gene segment S1 in blood cells from cohabitant fish in vaccination trial #I. (A) Group 5
(pPSAV/uNS + pl + p2 + oNS + ol + 62 + 63 + Al + A2 + A3) and pSAV/EGFP control. (B) Group 6
(pcDNA3.1/uNS + oNS + 1) and pSAV/EGFP control. Ct-values of individual fish (dots) and mean (line). The

Ct-values from all individuals within the separate groups are compared to the individual Ct-values from the control

group at each timepoint using the Mann Whitney compare ranks test; Star = p - value <0.05. n= 6 per time-point.

wpc = weeks post challenge.
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Figure 4. Vaccine trial #1: Histopathological scores in epicardium and ventricle

The individual histopathological scores (dots) and mean (line) in epicardium and ventricle from fish in Group 6

(pcDNA3.1/uNS + oNS + 1) and the control group (pSAV/EGFP). The histopathological scores from all

individuals within the separate groups are compared to the individual histopathological scores from the control

group at each timepoint using the Mann Whitney compare ranks test; Star = p - value < 0.05. n = 6. wpc = week

post challenge.

27



>

4 Epicardium Ventricle
: :
Eg‘ 14 & B Ciroup I pEAV/NS
= B Group X pSAVIING + ahS
§ B Giroup 3 pSAV/ENG + 2 + oS+ a2 + A1 + 33
3 14 B Ciroup : pSAV/ENS ¢ pl + alS + ol +od 432
= a Ciroup 5. pSAV/UNS +pul + pu2+ oNS+ ol + el + a3 + 2l + 32+ A3
B CGrowp i pelINAS NS + ahS+ al
0 b . " ®  Control pSAVEGEP
4 6 8 10 4 [ 8 g
B wpe wpe
Groti 0 wpc 4 wpc 6 wpc 8 wpc 10 wpc
P Epicard Ventricle | Epicard Ventricle | Epicard Ventricle | Epicard Ventricle | Epicard Ventricle
1 0,0 0,0 0,0 0,0 0.7 0.8 1,7 2,0 1.5 1.7
2 0,0 0,0 0,0 0,0 1,0 1,8 2,0 2,7 1,2 1,7
3 0,0 0,0 0.0 0,0 1.7 2,5 1,5 22 1,0 038
4 0,0 0,0 0,0 0,0 1,3 1.7 1.2 1,5 038 038
5 0,0 0,0 0,0 0,0 1,7 1,5 0,8 1,2 038 1,2
6 0,0 0,0 0,0 0,0 0,3 0,5 0,0 0,0 0,5 0,5
7 0,0 0,0 0,0 0,0 12 1,0 2,7 3,3 0,7 12

Figure 5. Vaccine trial #1: Histopathological scores in the epicardium and ventricle

(A) Bars illustrating mean histopathological score with SD in epicardium and ventricle from each timepoint of
sampling. (B) Table showing mean histopathological score in epicardium and ventricle from each group at each
timepoint of sampling. The histopathological scores from all individuals within the separate groups are compared
to the individual histopathological scores from the control group at each timepoint using the Mann Whitney

compare ranks test; Star = p - value < 0.05. n = 6. wpc = weeks post challenge.
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Figure 6. Vaccine trial #I1: Piscine orthoreovirus (PRV) RNA load in blood cells and plasma

RT-qPCR of PRV gene segment S1 in blood cells (left) and plasma (right) from cohabitant fish in Group 1
(pcDNA3.1/uNS + oNS + o1) and the two control groups (pSAV/EGFP and PBS) in vaccination trial #II. Ct-
values of individual fish (dots) and mean (line). The Ct-values from all individuals within the separate groups are
compared to the individual Ct-values from the control groups at each timepoint using the Mann Whitney compare

ranks test; Star = p - value < 0.05. n= 12. wpc = weeks post challenge.
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Figure 7. Vaccine trial #I1: Histopathological scores in the epicardium and ventricle

(A) Bars illustrating mean histopathological score in epicardium and ventricle from each group at each timepoint
of sampling (wpc) in vaccination trial #II. (B) Table showing mean histopathological score in epicardium and
ventricle from each group at each timepoint of sampling. The histopathological scores from all individuals within
the separate groups are compared to the individual histopathological scores from the control groups at each

timepoint using the Mann Whitney compare ranks test; Star = p - value <0.05. n=12. wpc = weeks post challenge.
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Figure 8. Vaccine trial #I1: Histopathological scores in epicardium and ventricle
The individual histopathological scores (dots) and mean (line) in epicardium and ventricle from fish in Group 6

(pcDNA3.1/uNS + oNS + 1) and the control groups (pSAV/EGFP and PBS). n=12. wpc = week post challenge.
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Supplementary tables

Table S1. Expression plasmids
Primers used for cloning the full-length ORFs of the ten different PRV segments into the replicon vector pSAV,

and the four PRV segments M1, S4, S1 and S3 into the eucaryotic expression vector pcDNA3.1. Start codons are

marked in bold and epitope tags for expression are marked in italic.

Plasmid Primer  Nucleotid sequence (5'— 3)

Forward TCAACCAACCACCGGTGCCACCATGGCTGAATCAATTACTITTGGAGGA
Reverse TACCGGAATGGCGCGCCTCAGCCACGTAGCACATTATTCAC

Forward GCCGCTCGAGTCTAGAGCCACCATGGCTGAATCAATTACTITITGG
Reverse  AAACGGGCCCTCTAGATCAGCCACGTAGCACATTATICAC

Forward TCAACCAACCACCGGTGCCACCATGTCGAACTTTGATCTTIGGACGTCAG
Reverse TACCGGAATGGCGCGCCCTAACAAAACATGGCCATGATGCG

Forward GCCGCTCGAGTCTAGAGCCACCATGTCGAACTTTGATCTIGG

Reverse AAACGGGCCCTCTAGACTAACAAAACATGGCCATGA

Forward AACCACCGGTGCCACCATGCATAGATTTACCCAAGAAGAC

pPSAV NS
pcDNA3.1 uNS§
pPSAV oNS

pcDNA3 1 6NS

psavel Reverse  ACCGGAATGGCGCGCCCTAGATGATGATCACGAAGTCTCC
pcDNA3.1 ol Forward GTTTAAACTTAAGCTTATGCATAGATTITACCCAAGAAGAC
Reverse  CTGGACTAGTGGATCCCTAGATGATGATCACGAAGTCTCC
SAV 62 Forward AACCACCGGTGCCACCATGGCTAGAGCAATTTTCTCGGGT
Reverse  ACCGGAATGGCGCGCCTTACCGTGTATTTGCCGCCATTAG
PSAV o3 Forward AACCACCGGTGCCACCATGGCGAACCATAGGACGGCGACA
Reverse  ACCGGAATGGCGCGCCTCACGCCGATGACCATTTGAGCAA
pcDNA3.1 03 Forward GTTTAAACTTAAGCTTATGGCGAACCATAGGACGGCGACA
Reverse  GATATCTGCAGAATTCTCACGCCGATGACCATTTGAGCAA
PSAV 1 Forward TCAACCAACCACCGGTGCCACCATGGGTAACTATCAGACAAGTAACA
Reverse TACCGGAATGGCGCGCCCTATTTTTGGCCTCGACGTGAGTCT
PSAV 2 Forward TCAACCAACCACCGGTGCCACCATGCCTATCATAAACCTGCCAATTG
Reverse TACCGGAATGGCGCGCCTCACTCACCAGCTGTAGACCACCA
PSAV AL Forward AACCACCGGGGCCACCATGGAGCGACTTAAGAGGAAAGAT
Reverse ~ACCGGAATGGCGCGCCTTAGTTGAGTACAGGATGAGTCAA
pSAV 2 Forward AACCACCGGTGCCACCATGGCTACGCTTTATGGGCTACGC
Reverse ~ ACCGGAATGGCGCGCCCTATGGCAACTTITAAGAACGTGTA
PSAV )3 Forward TCAACCAACCACCGGTGCCACCATGGAGAAACCTAAAGCGCTTGTCA

Reverse TACCGGAATGGCGCGCCCTAAAAATCGGACACCATCCAATT

Forward TCAACCAACCACCGGTGCCACCATGGAACAA4AACTCATCT

Reverse TACCGGAATGGCGCGCCCTAACAAAACATGGCCATGATGCG

Forward GCCGCTCGAGTCTAGAGCCACCATGGAACAAAAACTCATCTCAGAAGAGGATCTG ATGTCGAACTTTGATCTTGG
Reverse  AAACGGGCCCTCTAGACTAACAAAACATGGCCATGA

Forward CCACCGGTGCCACCGCCACCATGTACCCATACGATGITCCAGATTACGCT GCTAGAGCAATTTTCTCGGGTA

PSAV oNS N-MYC

pcDNA3.1 oNS N-MYC

PSAV o2 N-HA
Reverse  ACCGGAATGGCGCGCCTTACCGTGTATTTGCCGCCATTAG

PSAV 2 N-HA Forward CCACCGGTGCCACCGCCACCATGTACCCATACGATGTTCCAGATTACGCT CCTATCATAAACCTGCCAATTG
Reverse TACCGGAATGGCGCGCCTCACTCACCAGCTGTAGACCACCA

PSAV A2 N-HA Forward CCACCGGTGCCACCGCCACCATGTACCCATACGATGTTCCAGATTACGCT GCTACGCTTTATGGGCTACGCA
Reverse ACCGGAATGGCGCGCCCTATGGCAACTTTAAGAACGTGTA

PSAV 3 N-HA Forward CCACCGGTGCCACCGCCACCATGTACCCATACGATGTTCCAGATTACGCT AGAAACCTAAAGCGCTTGTCAA

Reverse  TACCGGAATGGCGCGCCCTAAAAATCGGACACCATCCAATT
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Table S2. Histopathological scoring criteria

Criteria used for histopathological scoring discriminating between epicardial and ventricular lesions in the heart.

Score Description: Epicard

0  Normal appearance

1 Focal/multifocal (2 - 4 foci) of inflammatory cells lifting the epicardial layer from the
surface of the heart, typically 2 - 3 layers thick.
Diffuse infiltration of inflammatory cells (mononuclear) > 5 cell layers thick in most of the

2 epicard present. The infiltration of cells is multifocal to diffuse and can involve parts or the
entire epicardium available for assessment.
Diffuse infiltration of inflammatory cells (mononuclear) > 10 cell layers thick in most of

3 the epicard present. Moderate pathological changes consisting of moderate number of
inflammatory cells in the epicardium.
Diffuse infiltration of inflammatory cells (mononuclear) > 15 cell layers thick in most of

4  the epicard present. Severe pathological changes characterized by intense infiltration of
inflammatory cells in the epicardium.

Score Description: Ventricle

0  Normal appearance
Vascular changes in the small vessels of the compact layer characterized by enlarged

1 endothelial cells, typically stretching out. Minor inflammatory changes in the compact layer
without significant involvement of the spongious layer.

2 Focal to multifocal inflammatory foci (2 - 5 foci) of the compact layer and/or the spongious
part (2 - 5 foci). Extension typically seen along small vessels and perivascular infiltration.
The changes in the compact layer are multifocal or diffuse in areas and typically

3 concentrated along small blood vessels. Combines with multifocal to diffuse changes in the
spongious layer.
Widespread to diffuse infiltration of inflammatory cells in the compact layer in a multifocal

4  pattern. Degeneration and/or necrosis of muscle fiberes may be/are seen. Atrium can also be

involved with inflammatory changes.
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Table S3. Plasmid constructs and expression analysis

Five of the plasmids were made with an epitope tag for expression analysis due to lack of available antibodies.

Backbone Insert (Tag) Antibody Expression
PSAV/pcDNA3.1 pNS - Anti-uNS Yes
pSAV/pcDNA3.1 oGNS MYC) Anti-MYC Yes
pSAV/pcDNA3.1 ol - Anti-ol Yes
pPSAV o2 (HA) Anti-HA Yes
pSAV/pcDNA3.1 63 - Anti-o3 Yes
pSAV pl - Anti-p1C Yes
pSAV n2 (HA) Anti-HA Yes
pSAV Al - Anti-A1 Yes
pSAV A2 (HA) Anti-HA Yes
PSAV A3 (HA)  Anti-HA Yes

34



Supplementary figures

CGiroup 1: pSAV/UNS

Giroup 2: pSAV/UNS + alNS

Group 3: pSAV/UNS + u2 + aNS+ a2 + Al + 43

Group 4: pSAV/UNS + ul + aNS+ ol + a3 + 32

Group 5: pSAV/UNS + ul + u2 + oNS+ ol + a2+ a3+ Al + 22+ 13
Group 6: peDNAJ /NS + aNS + ol

Control; pSAV/EGFP
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Figure S1. Vaccine trial #1: Piscine orthoreovirus (PRV) RNA load in blood cells

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) of PRV gene segment S1 in blood cells
from all fish in vaccination trial #I. Bars illustrating mean Ct-value with SD calculated from each vaccination
group per time-point. The Ct-values from all individuals within the separate groups are compared to the individual
Ct-values from the control group at each timepoint using the Mann Whitney compare ranks test; Star = p - value

<0.05. n= 6. wpc = weeks post challenge.
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Figure S2. Vaccine trial #I1: Piscine orthoreovirus (PRV) RNA load in blood cells and plasma

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) of PRV gene segment S1 in blood cells
(A) and plasma (B) from all fish in vaccination trial #I1. Bars illustrating mean Ct-value with SD calculated from
each vaccination group per time-point. The Ct-values from all individuals within the separate groups are compared

to the individual Ct-values from the control group at each timepoint using the Mann Whitney compare ranks test;
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Control: pcDNA3.I/EGFP

Control: PBS

Group 1: pcDNA3 I/uNS + aNS + ol
Group 2: pcDNA3 I/UNS + oNS + a3
Group 3: pcDNA3. 1/uNS + olNS
Group 4: pcDNA3 1/uNS

Control: pcDNA3.IVEGFP

Control: PBS

Star = p - value < 0.05. n = 12. wpc = weeks post challenge.
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