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Summary 
This thesis focuses on infection kinetics, infected cell types, viral shedding, and specific 

immune responses in persistently Piscine orthoreovirus-1 (PRV-1) infected Atlantic 

salmon. The aim is to enhance the understanding of viral pathogenesis. 

 

PRV is ubiquitous in Norwegian Atlantic salmon (Salmo salar) aquaculture. The 

currently identified subtypes of PRV include PRV-1 and PRV-2 and PRV-3 which have 

been associated with diseases in Atlantic salmon, coho salmon (Oncorhynchus kisutch) 

and rainbow trout (O. mykiss), respectively. PRV-1 causes an acute infection of 

erythrocytes of Atlantic salmon and thereafter the virus spreads to cardiomyocytes 

which may induce the disease of heart and skeletal muscle inflammation (HSMI). PRV-1 

is also found to infect other organs and tissues, but the causal relationship to diseases 

or disorders apart from HSMI is vague. PRV-1 is not cleared by the Atlantic salmon 

immune system after acute infection and persists life-long in the host.  

 

In Atlantic salmon focal melanized changes (black spots) of white skeletal muscle 

tissues, which histologically appear as granulomatous structures, are commonly 

observed in the fillet. The black spots presumably develop from red spots characterized 

by extravasal erythrocytes. Many of the inflammatory cells in the melanized spots are 

infected with PRV-1. Even if PRV-1 associates with the development of melanized focal 

changes, the causal relationship is questionable.  

 

In the first study, reproduction of black spots in the Atlantic salmon was attempted by 

intramuscularly injection of PRV-1 infected blood in the same individual fish from which 

the blood was drawn. Although black spots could not be reproduced experimentally, 

PRV-1 genome and transcripts levels were explored in different tissues to understand 

viral activity and persistence. PRV-1 transcription level was high in blood cells in the 

acute phase and in the kidney during the persistent phase. PRV-1 caused plasma viremia 

that started in the acute phase and lasted for at least 18 weeks, i.e.  the end of the 

experiment. In situ hybridization assays identified PRV-1 infection of Macrophage 

colony-stimulating factor receptor (MCSFR) positive macrophages in kidney and spleen 

and Erythropoietin receptor (EPOR) positive erythroid progenitor cells in the kidney, in 



 
 

viii 
 

both acute and persistent phases. The infected erythroid progenitor cells may represent 

a possible reservoir for PRV-1 as a continuous source of new generated erythrocytes. In 

the persistent phase, PRV-1 is cleared from the cardiomyocytes but still present in the 

erythrocytes. 

 

The macrophage polarization response in relation to PRV-1 infection in focal melanized 

changes of the white skeletal muscle and in cardiac tissue of fish with HSMI was 

evaluated in the second and third studies, using fluorescent in situ hybridization (FISH) 

and RT-qPCR. Macrophages polarize either into pro-inflammatory M1 or anti-

inflammatory/regenerating M2 phenotypes. M1 macrophages were dominant in the red 

spots and almost all co-stained for PRV-1.  In spots assessed as “late phase” of red spots 

melanized M2 melano-macrophages appeared, indicating a transition phase to 

melanized spots. In the melanized spots M2 macrophages were highly abundant. The 

M2 melano-macrophages of the black spot generally co-stained for PRV-1.  

In the initial development of HSMI, macrophages were not abundant. Heart and skeletal 

muscle tissues with characteristic lesions of HSMI showed low numbers of M1 

macrophages that only partly co-localized with PRV-1. M2 macrophages, on the other 

hand, dominated in the heart tissue and were abundant even at the peak in pathologic 

lesions, which is supportive of a good regenerating ability of the salmon heart.  Specific 

cell mediated responses represented by CD8+, granzyme A (GzmA) and MHC-I 

expressing cells were identified in heart tissue of fish with HSMI. Massive staining of 

CD8+ cells with GzmA transcripts were detected in the heart compared to the skeletal 

muscle after the peak infection of PRV-1. PRV-1 was detected in multiple CD8+ and 

MHC-1 expressing cells in the heart. Skeletal muscle tissue had a relatively moderate 

immune response with low number of CD8+ and MHC-I cells and no co-localization with 

PRV-1. The FISH method revealed the close interplay between PRV-1 infected and 

cytotoxic cells.  

 

A vaccination experiment was performed by immunizing Atlantic salmon with the PRV 

subtypes PRV-2 or PRV-3 to study the protection potential against consecutive PRV-1 

infection. This approach was also compared with an inactivated PRV-1 vaccine. The 

PRV-3 subtype cross-protected fish against secondary PRV-1 infection, while only 
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partial protection was achieved by PRV-2 immunization and by the inactivated vaccine. 

Antibodies, cross reactive to PRV-1, were elevated in the PRV-3 immunized group, but 

low in PRV-2 immunized, and undetectable in the inactivated vaccine groups. Moreover, 

histopathological analysis showed no HSMI like heart lesions in the PRV-3 immunized 

group. The results provided sufficient evidence that PRV-3 can block the subsequent 

PRV-1 infection efficiently, at least for the ten-weeks period that the experiment lasted.  

 

To conclude, our studies show that 1) PRV-1 establishes a productive and persistent 

infection with plasma viremia in Atlantic salmon. 2) Renal erythroid progenitor cells 

and macrophages could be long-term cellular reservoirs for PRV-1. 3) PRV-1 infection 

correlates with macrophage polarization in melanized focal changes of skeletal muscle. 

4) M1 polarized macrophages do not correlate with initial development of HSMI 

however, M2 macrophages are associated with high level of PRV-1. 5) A strong 

activation of cellular immune response is triggered in heart, followed by a drop in PRV-

1 levels. And finally, 6) we demonstrated that the PRV-3 subtype can cross-protect 

against PRV-1 infection in Atlantic salmon. 
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Sammendrag (Summary in Norwegian) 
 
Piscine orthoreovirus (PRV) er en meget vanlig infeksjon i havbruk av norsk Atlantisk 

laks (Salmo salar). Tre varianter av PRV har vært beskrevet, PRV-1 og PRV-2 og PRV-3, 

som hovedsakelig har vært assosiert med sykdommer i henholdsvis Atlantisk laks, coho-

laks (Oncorhynchus kisutch) og regnbueørret (O. mykiss). PRV-1 gir en akutt infeksjon av 

erytrocytter i Atlantisk laks og spres deretter til kardiomyocytter. Dette kan utløse 

sykdommen i hjerte- og skjelettmuskulær betennelse (HSMB). PRV-1 er også funnet å 

infisere andre organer og vev, men forholdet til sykdommer eller lidelser bortsett fra 

HSMI er vagt. PRV-1 infeksjon er persistent i Atlantiske laks. Fokale melaniserte 

forandringer i hvit skjelettmuskulatur, forandringene kan histologisk fremstå som 

granulomer, utvikler seg fra røde flekker som inneholder ekstravasale erytrocytter. 

Mange av betennelsescellene i melaniserte flekker er infisert med PRV-1. Selv om PRV-

1 kan assosieres med utviklingen av melaniserte fokale endringer, har vi ikke funnet at 

PRV-1 er årsaken til at flekkene oppstår. I artiklene i denne tesis ble det fokusert på 

infeksjonskinetikk, infiserte celletyper, og immunresponser i persistent PRV-1-infisert 

Atlantisk laks, for å gi en bedre forståelse av PRV-1 sin eventuelle rolle i utvikling av 

flekker. 

 
 
I den første studien ble reproduksjon av svarte flekker i Atlantisk laks forsøkt ved 

injeksjon av PRV-1-infisert blod intramuskulært i det samme individ som blodprøven 

var tatt fra. Selv om svarte flekker ikke kunne reproduseres eksperimentelt, ble PRV-1 

genom- og transkripsjonsnivåer utforsket i forskjellige vev for å forstå viral aktivitet og 

persistens. Transkripsjonsnivå av PRV-1 var høyt i blodceller i den akutte fasen og i 

nyrene under den persistente fasen. PRV-1 forårsaket plasmaviremi som startet i den 

akutte fasen og varte ut forsøket, det vil si minst 18 uker. In situ hybridiseringsanalyser 

identifiserte PRV-1-infeksjon i celler i nyre og milt med reseptor for makrofagkoloni-

stimulerende faktor (MCSFR), det vil si makrofager, og i celler i nyrene positive for 

erytropoietinreseptor (EPOR) det vil si erytroide stamceller. De infiserte erytroide 

stamcellene kan representere et mulig reservoar for PRV-1 og en potensiell kontinuerlig 

kilde til nye genererte erytrocytter. I den persistente fasen blir PRV-1 fjernet fra 

kardiomyocyttene, men vil fremdeles være i erytrocyttene. 
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Polarisering av makrofager i relasjon til PRV-1-infeksjon ble studert i fokale melaniserte 

forandringer av den hvite skjelettmuskelen og i hjertevev i fisk med HSMB forandringer 

og evaluert ved bruk av fluorescerende in situ hybridisering (FISH) og RT-qPCR. 

Makrofager kan polarisere enten til proinflammatoriske M1 fenotype eller 

antiinflammatoriske / regenererende M2 fenotype. Dette er en dynamisk prosess hvor 

cellene kan gå inn og ut av de ulike fenotypene. M1 makrofager var dominerende i de 

røde flekkene hvor nesten alle ble farget for PRV-1. I flekker vurdert som "sen fase" av 

røde flekker, det vi si at melaniserte M2 melanomakrofager begynte å opptre, noe som 

indikerer en overgangsfase til melaniserte flekker var det færre M1 makrofager. I de 

melaniserte flekkene (makroskopisk svart) var M2 makrofager den dominerende 

fenotypen. M2 melanomakrofager i svarte flekker ble vanligvis farget for PRV-1. I HSMI 

var makrofager ikke en vanlig celletype. Hjerte- og skjelettmuskulaturvev med 

karakteristiske HSMB lesjoner viste moderat antall M1-makrofager, som bare var delvis 

co-lokalisert med PRV-1. M2 makrofager dominerte i hjertevev sammenlignet med 

skjelettmuskulatur, noe som understøtter den regenererende evne til laksens hjerte. 

 
 
Spesifikke cellulære responser representert av CD8+, granzyme A (GzmA) og MHC-I 

uttrykking ble identifisert i hjertevev av fisk med HSMI. Massiv farging av CD8+ -celler 

med GzmA-transkripsjoner ble funnet i hjertet sammenlignet med skjelettmuskulatur. 

PRV-1 ble påvist i flere CD8+ og MHC-1-uttrykkende celler i hjertet. 

Skjelettmuskulaturvev hadde en relativt moderat immunrespons med lavt antall CD8+ 

og MHC-I celler og ingen samlokalisering med PRV-1. FISH-metoden avslørte det tette 

samspillet mellom PRV-1-infiserte og cytotoksiske celler. 

 
Et vaksinasjonseksperiment ble utført ved å immunisere atlantisk laks med PRV-

variantene PRV-2 eller PRV-3 for å studere beskyttelsespotensialet mot påfølgende 

PRV-1-infeksjon. Denne tilnærmingen ble også sammenlignet med en inaktivert PRV-1-

vaksine. PRV-3-varianten kryss-beskyttet fisk mot sekundær PRV-1-infeksjon, mens 

bare delvis beskyttelse ble oppnådd ved PRV-2-immunisering og ved den inaktiverte 

vaksinen. Antistoffer, kryssreaktive mot PRV-1, ble forhøyet i den PRV-3-immuniserte 

gruppen, men var lave i PRV-2-immuniserte, og knapt detekter bare i den inaktiverte 
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vaksinegruppen. Videre viste histopatologisk analyse ingen HSMB-lignende 

hjertelesjoner i den PRV-3-immuniserte gruppen. Resultatene ga tilstrekkelig bevis for 

at PRV-3 kan blokkere den påfølgende PRV-1-infeksjonen effektivt, i minst i ti uker. 

 

For å konkludere viser våre studier at 1) PRV-1 etablerer en produktiv og persistent 

infeksjon med plasmaviremi hos Atlantisk laks. 2) Renale erytroide stamceller og 

makrofager kan være langvarige cellulære reservoarer for PRV-1. 3) PRV-1-infeksjon 

korrelerer med makrofagpolarisering i melaniserte fokale endringer i 

skjelettmuskulaturen. 4) M1-polariserte makrofager korrelerer ikke med tidlig 

utvikling av HSMI, men M2-makrofager er assosiert med relativt høyt nivå av PRV-1 

infeksjon. 5) En sterk aktivering av cellulær immunrespons utløses i hjertet ved HSMB, 

etterfulgt av et fall i PRV-1 nivåer. Og til slutt, 6) demonstrerte vi at PRV-3-varianten gir 

kryssbeskyttelse mot PRV-1-infeksjon i Atlantisk laks. 
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1. Introduction 
1.1. Aquaculture of salmonids 

 
Atlantic salmon (Salmo salar) is one of the most intensified farmed fish species, where 

the farming mainly takes place in Norway, Chile, Canada United Kingdom and Faroe 

Islands (Figure 1) (1). Norway is the dominant producer (2).                                                                               

Figure 1. Atlantic salmon production in five largest producer countries (2003-2018) (Kontali Analyse 

AS). 

 
Emerging infectious diseases are one of the biggest threats for the sustainability of 

Atlantic salmon aquaculture due to substantial problems related to fish health (3), 

economic costs, trade restrictions and effects on wild fauna (4). The industrial farming 

practices with large stocks of genetically relatively homogenous fish in a confined 

volume make farmed fish more susceptible to pathogens. High stock densities, lack of 

environment variation and delayed sexual maturation are the hallmarks of salmon 

farming (5, 6). Viruses spread efficiently when the abundance of hosts facilitating 

transmission is high (3). The seawater phase of the production is the phase where the 

farmed salmon are most prone  to get infected by pathogens such as viruses (7). Strict 
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biosecurity measures are the major key to reduce the spread of infectious diseases, 

especially if prophylactic measures like vaccines are not available or genetic resistance 

not adequately efficient.  

 

Viral diseases have a great influence on salmon farming. Norwegian aquaculture 

industry spends millions of NOK every year on vaccines.  Large efforts are made to 

monitor, detect, and control infectious diseases and their etiological agents to keep the 

fish healthy (Table 1). As an exporting industry, salmon farming is dependent upon 

control of notifiable diseases to avoid trade restrictions. As a food producing industry 

its products should be safe for consumers and have low environmental impact. As an 

industry based on utilization of live animals, it should take ample consideration to the 

welfare of the fish, including keeping diseases under control and reducing risk of health 

challenges. 

 

Table 1. Number of registered outbreaks for various viral diseases in farmed salmonids (8). 

Viral Diseases 2015 2016 2017 2018 2019 2020 

PD 137 138 176 163 152 158 

HSMI* 135 101 93 104 79 161 

CMS* 105 90 100 101 82 154 

ISA 15 12 14 13 10 23 

IPN* 30 27 23 19 23 22 

(*) indicates minimum estimate due to non-notifiable diseases 

 

Piscine orthoreovirus (PRV) is a widespread virus in the Norwegian Atlantic salmon 

aquaculture. The subtype PRV-1 is the etiological agent of heart and skeletal muscle 

inflammation (HSMI) (9), and it is also linked to the development, but probably not in 

the original etiology, of melanized focal changes in the white muscle of Atlantic salmon 

(10). HSMI as a disease was recognized in late 1990s in farmed Atlantic salmon, and the 

histopathology was reported a few years later (11). PRV is one of the top three disease 

causing viruses in Norway, according to the annual Fish Health Report (8).  

In this work the identification of PRV infected cell types and local immune responses to 

the infection were mapped with the purpose to obtain a better understanding of the 

host-PRV cross talk and how the virus can replicate for long-term in Atlantic salmon. 
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1.2. Piscine orthoreovirus (PRV) 

1.2.1. Classification & taxonomy 

 
PRV was first described in 2010 in material from fish with acute HSMI, using high-

throughput sequencing, a technique which was in its infancy at that time. PRV was 

immediately recognized as a novel reovirus (12). Based on the phylogenetic analysis and 

genomic structure organization, PRV was grouped in the Orthoreovirus genus in the 

Reoviridae family (12, 13).  

 

“REOvirus was first attributed to a group of viruses in 1959 who were recovered from 

respiratory tract (R = respiratory) and  gastrointestinal tracts (E = enteric) but without 

any association with the disease (O = Orphan)(14). Viruses belonging to Reoviridae 

family have key features including; double capsid; non-enveloped; spherical shape and 

a genome of 10-12 linear segments of double stranded RNA (dsRNA) (15). Reoviruses 

infect a diverse groups of hosts including mammals, reptiles, fish, mollusks, birds, 

insects and plants (16), and is the largest dsRNA virus family (17).  Reoviridae family is 

divided into two subfamilies based on the presence of turret proteins (Figure 2) which 

are either present or absent on the icosahedral axis of the virion (18). “Turreted” sub-

family i.e. Spinoreovirinae includes genus Orthoreovirus with seven other  genera (Figure 

3)(19). 

Figure 2. Schematic overview of turret protein in the outer capsid of reovirus virion (image modified 

from (20)). 

Orthoreoviruses and Aquareoviruses have conserved core proteins, and evolutionary 

studies indicate that the two genera originate from a common ancestor (21). But there 

are key differences that place them in two different genera. Orthoreoviruses have 10 

genomic segments and do not induce syncytia, whereas Aquareoviruses have 11 
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genomic segments and most of them induce syncytia (21). The viruses of the 

Aquareovirus genus have been isolated from poikilotherm finfish in marine- and 

freshwater and can replicate in mammalian and fish cell lines. These viruses have also 

been isolated from crustaceans (22). PRV with 10 dsRNA segments is more closely 

related to Orthoreovirus than to Aquareovirus and was the first orthoreovirus found to 

infect fish (12). International committee on taxonomy of viruses (ICTV) classification 

criteria based on nucleotide and amino acids similarities, and the non-fusogenic 

properties, confirms PRV in the Orthoreovirus genus (23, 24). PRV is genetically and 

functionally classified as related to the prototype MRV species as both lack the fusion 

associated small transmembrane (FAST) protein that enables cell-cell fusion. PRV 

encodes an integral membrane protein (p13), which makes it distinct among other 

orthoreoviruses (25). PRV has three identified subtypes i.e. PRV-1, PRV-2, and PRV-3. 

Phylogenetic analysis shows 90% nucleotide sequence homology between PRV-1 and 

PRV-3 , whereas  PRV-1 is 80% homologous with the PRV-2 subtype (26). 

 

Figure 3.  Taxonomical overview of Piscine orthoreovirus.  

1.2.2. Structure 

PRV is a non-enveloped virus and has an icosahedral double layered capsid with a 

diameter of 70-80 nm (Figure 4A). Total size of the PRV genome is 23320 nt (12, 13, 27). 

The genome consists of 10 linear dsRNA segments that clusters in three size groups: 
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Large (L1-L3), Medium (M1-M3) and Small (S1-S4), in line with other orthoreoviruses. 

The segment groups code for λ, μ and σ proteins as per size class, respectively, and some 

accessory proteins as well (13). Based on sequence analysis, there are nine structural 

proteins packed in inner and outer layer of the capsid (Figure 4B) and three non-

structural proteins present in the infected cell.  Functional properties for translated 

products have been assessed based on the sequence homology with other 

orthoreoviruses, including presence of conserved motifs (13). For some proteins, the 

functional properties has been shown experimentally (28-30). 

 

 
Figure 4. (A) TEM image showing PRV particle with outer diameter of 70nm and inner core of 39nm 

(image modified from (9)). (B) Orthoreovirus proteins and viral symmetry. Source: 

https://viralzone.expasy.org/viralzone, Swiss Institute of Bioinformatics (SIB).  

 

Outer protein shells (outer capsid) of orthoreoviruses  consist of μ1, σ3 and the σ1 (31, 

32). Outer capsid proteins interact with host cells and deliver the viral core into the 

cytosol. The S4 genome segment of PRV encodes the σ1 protein is assumed to be 

involved in cell attachment. It is one of the most variable proteins and a serotype 

determinant among orthoreoviruses (33). MRV serotypes grouping i.e. MRV type 1 Lang 

(TIL), type 2 langdon (T2L) and type 3 Dearing (T3D) is based on σ1 neutralization. Such 

serotyping is not possible for PRV due to the virus’ resistance to propagate in cell lines. 

PRV gene segment M2 codes for the μ1 protein which is essential for endosomal 

membrane penetration. This protein undergoes myristoylation and proteolytic 

cleavages (μ1N/μ1C fragments) during viral entry (34, 35). For Avian orthoreovirus 

(ARV), the μ1 homolog (μB) protein has been implicated in strain-specific differences in 
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macrophage infection (35). The S1 segment codes for the σ3 protein which is present 

on the viral surface as a trimer of μ1σ3 heterodimers. The σ3 protein has a zinc finger 

motif which is conserved in orthoreoviruses, and it has the ability to bind dsRNA and 

may therefore moderate the cellular antiviral innate responses due to reduced 

stimulation of  dsRNA receptors such as cytoplasmic retinoic acid inducible gene (RIG-

I) (30). This second smallest S-class gene segment also encodes an additional 

nonstructural cytotoxic and integral membrane protein called p13 (13), but the primary 

function for this protein is yet to be characterized. The λ2 protein encoded by the L2 

segment, forms pentameric turrets at the fivefold axes in the viral particle, providing 

exit for nascent transcripts. In addition, the protein is responsible for mRNA capping at 

5’ end with guanylyltransferase and methyltransferase activity (34).  

 

The inner capsid, “the core”, consists of the λ1, λ3, σ2 and μ2 structural proteins. The 

core has an icosahedral symmetry (Figure. 4).  Many of the motifs of the replication 

machinery made up by the λ proteins are conserved within the orthoreoviruses. The L3 

segment codes for the λ1 protein, which is a major structural protein and has helicase 

functions in the replication.  The λ3 protein encoded by the L1 segment is the RNA-

dependent RNA polymerase (RdRp). The S2 gene segment encodes the σ2 inner core 

protein (13, 36). The M1 segment encodes the μ2 polymerase associated protein, which 

is present in low amounts compared to other core proteins (18).  

 

The non-structural proteins σNS and μNS are coded by the S3 and M3 gene segments. 

Their main functions are formation of viral factories and recruitment of other PRV 

proteins to these neo-organelles (28).  

1.2.3. Replication and transmission 

Replication studies of PRV are cumbersome due the virus’ resistance to propagation in 

cell lines, and it has consequently mostly been done by ex vivo experiments in cultured 

red blood cells. The well characterized replication of MRV is considered as a valid model 

to understand fundamental mechanisms. 
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The cellular receptors for PRV are not known, but sialic acid, JAM-A, NgoR or B-integrins 

are used by MRV (37-39). The cellular attachment protein σ1 determines the cell and 

tissue tropism of the virus. After cellular attachment, the MRV virions are endocytosed 

via  the clathrin or caveolin pathways, and are sorted into early and late endosomes (39, 

40). The proteolytic cleavage of the μ1 outer capsid protein during virus entry enables 

endosomal membrane penetration and entrance of the core into the cytoplasm (41, 42). 

In this process σ3 protein is freed from the viral particle, that has the dsRNA binding 

properties in the cytoplasm to make viral RNA less accessible to be recognized by 

cellular innate immune response. σ3 modulates the interferon response by reducing the 

stimuli that activate viral RNA recognizing receptors of the innate immune response, 

such as RIG-1 and protein kinase R (PKR). 

 

The virus particle will be in  called infectious subviral particles (ISVP) during the process 

of crossing the endosomal membrane, and the ISVP are converted to transcriptionally 

active viral core particles in the cytoplasm (43). Alternatively, extracellular proteolysis 

can result in the formation of ISVPs, particularly in the intestinal mucosa (44). These 

extracellular ISVPs have the potential to internalize through the plasma membrane into 

the cell, i.e. they are infectious. The remaining disassembly and conversion to the viral 

core happens after translocation to the host cell cytoplasm (Figure 5).   

Figure 5.  Schematic overview of reovirus replication cycle. (45) 
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The λ3 RNA-dependent RNA polymerase enzyme initiates viral transcription of the 

dsRNA genome and mRNA is synthesized. It is capped in the 5’ end but lacks 

polyadenylation in the 3’ end.  The mRNA is identical to the positive strand of the dsRNA 

genomic segments. λ2 is responsible for the capping of the positive strand RNA 

transcripts, which are extruded through the λ2 turrets (46). The turrets also hold the 

cell attachment protein σ1, but the σ1 is lost during the transition from ISVP to a core 

particle (32, 47). The ten genome segments are transcribed inside the core. During the 

replication cycle neither the viral genomic dsRNA nor the negative strand ssRNA are 

exposed to the cytoplasmic innate immune response receptors in the host-cell 

cytoplasm during the replication cycle (48). After initial translation, the non-structural 

μNS protein organizes formation of viral factories where the core assembly, packaging 

and replication of the viral genome take place (49). The non-structural proteins are 

required for the viral replication but are not parts of the viral particles (50). μNS has an 

important role in PRV viral factory formation (28). One copy of each 10 plus strand 

mRNA is encapsulated by inner capsid proteins to make an intermediate structure. The 

synthesis of the complementary negative strand RNA then generates a new dsRNA 

genome inside the newly formed core (51). Outer capsid proteins are added to make 

new PRV virions, which are released from the cell either by lysis or non-lytic egress (52)  

(still unknown). 

 

In experimental settings in a tank PRV is spread from shedder fish to naive fish, i.e. 

through water.  The route of shedding is largely unknown, but it is believed to spread 

the fecal-oral route to other fish. However, reoviruses are known to infect both through 

the respiratory as well as the alimentary tract, and this may be the case for PRV as well. 

Anal intubation of the virus showed efficient infection, indicating that uptake may occur 

through the intestinal wall and thus makes the fecal-oral route a possible way of 

transmission (53). There are no specific findings that indicate vertical spread, i.e. from 

broodfish to offspring in aquaculture settings. 

1.3. PRV associated diseases 

There are three registered subtypes of PRV i.e. PRV-1, PRV-2, and PRV-3, which causes 

different diseases in different salmonid species as described in the following. 
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1.3.1. Heart and skeletal muscle inflammation (HSMI) 

HSMI is one of the most prevalent diseases in Atlantic salmon aquaculture in Norway 

(Figure 6). It was first recognized as a new disease in 1999 with characteristic 

histopathological lesions in the heart and skeletal muscle tissue (54, 55). HSMI was first 

spotted in Hitra/Frøya area (55). Continuous investigations were made to elucidate the 

etiological agent of this disease. HSMI was suggested as an infectious disease based on 

the initial experimental challenges, where injected tissue from the diseased fish induced 

similar cardiac and skeletal muscle lesions as in HSMI in both the injected and the 

cohabitant fish (56). Transmission electron microscopy revealed presence of various 

virus-like particles in HSMI affected fish and some of these particles showed  close 

resemblance to those earlier described in EIBS (57). In 2010, high throughput 

sequencing identified a novel reovirus associated to HSMI and it was named Piscine 

orthoreovirus (12). Later,  the causal relationship to HSMI was proven (9). But, while 

characteristic severe cardiac lesions are typical of HSMI in Atlantic salmon in Norway 

(9, 58), generally mild cardiac lesions (with occasionally severe lesions in some 

individuals) are reported from west-coast, Canada (59). A recent report demonstrated 

that some Norwegian PRV-1 isolates, but not all, are more virulent than Canadian 

isolates in terms of inducing histopathological lesions (60). 

 

HSMI is considered as a serious disease problem in seawater farms, and it was originally 

added to the list of national notifiable diseases for the Norwegian Food Safety Authority 

to take specific actions to control the disease outbreaks. The number of outbreaks rose 

every year since after the disease became listed. HSMI was de-listed in 2014, at a time 

when it was clarified that PRV was widespread. In 2020, 161 outbreaks were recorded 

(Table 1), however, this possibly reflects an under-reporting due to removal of HSMI 

from the national notifiable disease list.  
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Figure 6. Distribution of HSMI outbreaks in 2020 in Norway (Modified from Fish Health Report 2020, 

Norwegian veterinary institute).  

 

Clinical symptoms of HSMI are abnormal swimming patterns, loss of appetite, reduced 

weight gain, and increased mortality of the population (11). Macroscopic pathological 

changes include pale heart, yellowish liver, visceral ascites, and swollen spleen tissue 

(Figure 7). Histologic examination the heart tissue reveal severe inflammation in epi-, 

myo- and endocardium in both ventricle and atrium, especially in spongiosum and 

compactum layers (Figure 8) (54). Histopathological analysis of red skeletal muscle 

shows inflammation and necrosis seen as mild to moderate degeneration of myocytes, 

presence of infiltrating cells and vacuolization of muscle fibers (54). 
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Figure 7. HSMI diseased Atlantic salmon with bloody fluid in the body cavity. Other visceral organs are 

also affected e.g. pale heart and fibrinous membrane over liver (Photo: A. Lyngøy, Fish Health Report 

2019, Norwegian Veterinary Institute). 

Figure 8. Histological overview of HSMI affected heart and skeletal muscle tissues in Atlantic salmon. (A) 

severe diffuse epicarditis in heart. (B) Compact ventricular myocardium with inflammatory infiltrate. (C) 

Red skeletal muscle with mild to moderate multifocal myositis. Source: FISH PATHOLOGY 

(https://fishhistopathology.com) 

1.3.2. Melanized focal changes in Atlantic salmon 

Melanized focal changes (black spots) is a common quality problem of the white muscle 

fillet in farmed Atlantic salmon. The condition is first observed at slaughter and mostly 

occurs in the cranio-ventral part but can be present elsewhere as well (61). The etiology 

of this condition has not been revealed, but the severity of the lesions is associated with 

PRV-1 infection as found in recent studies (10, 62). It is assumed that the spot 

development commences as red focal changes in the white muscle tissue where 

hemorrhages are central. The melanin synthesis, observed as black spots, is assumed to 
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be a result of protection against reactive oxygen species, induced as a consequence of a 

long-lasting inflammatory response. In short, the more severe the inflammation is, the 

more melanin is produced. In severe spots with granulomatous inflammation, PRV-1 is 

a constant finding (Figure 9).  However, it has not been possible to reproduce the 

condition experimentally, and the eventual role of PRV-1 in the etiology of the condition 

is not clarified (63). Overall, 20-30% of fillets are affected with this condition as 

observed during processing, hence it causes huge economic losses every year for the 

salmon industry in Norway.  

Figure 9. Red & Black spots in white muscle of Atlantic salmon. Macroscopically graded red spots from 

grade-1 to grade-3 (a-c) and black spots (d-f). (g) A granuloma containing PRV positive cells (red) which 

is surrounded by pigmented cells in the black spots. Pictures modified from (62).  

1.3.3. Jaundice syndrome 

Recently, a condition termed jaundice syndrome has been associated with PRV-1 

infection in farmed Chinook salmon (Oncorhynchus tshawytscha) in British Columbia, 

Canada (59). The disease has some clinical symptoms resembling HSMI in Atlantic 

salmon, but in contrast to HSMI, fish with jaundice syndrome have anemia, yellowish 

liver and yellow discoloration of the abdomen (” jaundice”). The eventual etiological 

relationship with PRV-1 is not established experimentally (59). Similarly, farmed coho  

salmon (Oncorhynchus kisutch) in Chile have also been diagnosed with a similar jaundice 

syndrome that is associated with PRV-1 infection (Figure 10)  (64).   
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Figure 10. Coho salmon affected with jaundice syndrome characterized by (A) Yellowish abdominal part 

(B) pale, liver, yellow abdominal fat with bloody ascitic fluids. Modified images from (64). 

1.3.4. Erythrocytic inclusion body syndrome (EIBS) 

Erythrocytic inclusion bodies syndrome (EIBS) is a severe anemic disease that occurs 

frequently in coho salmon farms in Japan. Whole genome sequencing and experimental 

infection confirmed the causal relationship of PRV-2 with EIBS in coho salmon (65).  The 

disease EIBS was first reported from yearling Chinook salmon at a fish hatchery in 

Washington, USA in 1982 (66). Import of eggs from the EIBS positive area has been 

suspected as the source of this disease in Japan (67), however, PRV-2 has never been 

reported from North-America. The expression EIBS has often been used to describe 

conditions where inclusions in erythrocytes is a prominent finding. Salmonid species 

differ in susceptibility for EIBS development, with rainbow trout being the least 

susceptible in the Oncorhynchus genus along with low affinity in the brook trout and 

brown trout, but Atlantic salmon showed a tendency to develop EIBS (68-70). High 

mortality is reported in farmed Atlantic salmon in Ireland (71), whereas EIBS like 

inclusions have been detected in wild Atlantic salmon in Scotland (72). Apart from low 

hematocrit level and inclusions, necrosis in the heart (ventricle and atrium) and yellow 

colored liver are observed in histopathological examination (73, 74). 

1.3.5. HSMI-like disease 

An HSMI like disease outbreak was reported in rainbow trout farms in Norway in 2013. 

Viral sequences related to PRV was identified. Phylogenetic analysis later confirmed a 

new PRV variant, which was named PRV-3 and shown to be the etiological agent of an 

HSMI-like disease in rainbow trout (75, 76). This disease shows resemblance with HSMI 
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regarding pathological changes, such as the heart lesions, necrosis of red skeletal muscle 

and liver. But infected rainbow trout also show anemia which is not a characteristic of 

HSMI. 

1.3.6. Proliferative darkening syndrome (PDS) 

Proliferative darkening syndrome (PDS) is a serious disease in brown trout (Salmo 

trutta fario) that can cause 100% mortality in affected geographical areas in Central 

Europe. It is also named as “black trout phenomenon” because the diseased fish develop 

a dark pigmentation. Besides the sub-cutaneous black spots, other clinical signs are 

apathy and elevated respiratory rates. Pathological lesions include hepatic 

hemorrhages, enlargement of spleen and ascites (77). PRV-3 was identified, by next 

generation sequencing, in the infected brown trout and was suggested as the causative 

agent for PDS (78). However, this has been refuted after detection of severely diseased 

fish without PRV-3 infection (79).  

 

1.4. PRV-1 target cell types 

1.4.1. Erythrocytes 

Red blood cells (RBCs) comprise a large part (98-99%) of the blood cells in teleost fish 

(80). Mature teleost RBCs are ellipsoidal, nucleated and of different sizes (6.9-17.1 μm) 

with a life span of 13-500 days. The size of erythrocytes are inversely related to the 

aerobic swimming pattern in teleost fish species (81). The amount of erythrocytes is 

linked with age, nutrition, environmental and seasonal conditions such as temperature, 

amount of dissolved oxygen level in the water, pH and salinity (82-84). The vital function 

of RBCs is the gaseous exchange of oxygen and carbon dioxide (85). Additionally, it is 

speculated that piscine RBCs have an active role in the immune responses during 

infections (86). Head kidney is the main organ for the proliferation of erythroid 

precursor cells (erythropoiesis) which generate new erythrocytes. Spleen pulp can 

compensate with release of new erythrocytes during anemia (87). The major target cells 

for PRV-1 are erythrocytes, and the majority of erythrocytes can be infected with PRV-

1 during peak of infection (88). The nucleated piscine erythrocytes are permissive for 



 
 

15 
 

viral replication. PRV has resisted any propagation in cell lines, but can be cultivated ex 

vivo in RBCs of Atlantic salmon (89).  

1.4.2. Cardiomyocytes 

The teleost fish heart is one of the earliest developed organs during embryogenesis in 

higher vertebrates (90). Classically, the piscine heart comprises of four chambers i.e. the 

sinus venosus, atrium, ventricle and conus arteriosus (also called bulbus arteriosus) 

(91). Ventricular chambers are divided into two layers i.e. the trabeculated (spongy) 

layer and an outer compact layer (compactum). Proliferation of cardiomyocytes is the 

main source of heart growth. Teleost fish have a relatively efficient regeneration 

mechanism associated with largely undiscovered molecular mechanisms (92, 93).   

In addition to HSMI, various viral infections in Atlantic salmon result in heart diseases 

such as in cardiomyopathy syndrome (CMS) and pancreatic disease (PD).  

1.4.3. Myocytes 

Atlantic salmon skeletal muscle tissue is composed of striated, long sheets of myotomes. 

Intramuscular connective, adipose and vascular tissues are also constituents in addition 

to muscle fibers. Locomotor muscle fibers are categorized into red and white muscle 

fibers. Red muscle fibers make up for 10% of the myotomal musculature and are 

enriched with capillary supply and aerobic energy metabolism (94). These are also 

called “slow fibers” and work during sustained movement ability. Whereas white muscle 

fibers, that compose 70% of the skeletal muscle tissue, are called “fast fibers” for their 

fast start burst swimming pattern and are poorly vascularized (94). In HSMI, PRV-1 

causes inflammation in the red skeletal muscle with moderate necrosis of the myocytes 

(11). 

1.4.4. Macrophages and melano-macrophages 

Macrophages have versatile roles in coping with infections and maintaining a 

homeostatic environment. Macrophages can rapidly phagocytose pathogens and 

inactivate them through production of substances such as reactive oxygen species (95). 

Polarization of macrophages into M1 type macrophages is linked to expression of pro-

inflammatory cytokines (IL-1β, IL-6, IL-12 and TNF-α) (96), lipid mediators and 
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chemokines for initiating the adaptive immune response, In contrast, M2 type 

macrophages express anti-inflammatory cytokines such as IL-10, inducing tissue 

healing and repair (97, 98). Melano-macrophages are cells characterized with high 

amounts of melanin, lipofuscin or hemosiderin, found in the poikilotherm species (99). 

In teleosts, these cells reside in the head kidney and spleen in clusters called melano-

macrophage centers (MMC). These cells can also be found in inflamed tissues (100). 

Macrophages and melano-macrophages stain positive for PRV-1 in Atlantic salmon in 

chronic inflammatory white muscle tissue (10). 

1.4.5. Hepatocytes 

Liver is a multifunctional organ in teleost fish and is often a target for viral infections.  

HSMI affected fish from experimental challenge or field outbreaks show low numbers of 

PRV-1 infected hepatocytes, indicating that hepatocytes in Atlantic salmon, compared 

to other cell types, do not seem to be particularly permissive for PRV-1 (59, 101). On the 

other hand, PRV-1 is associated with jaundice syndrome in farmed Chinook and coho 

salmon, where virus positive hepatocytes can be found. However, hepatocytes are 

pivotal in detoxification, and virus positive cells could be a secondary effect of anemia 

due to destruction of erythrocytes and not a primary infection of hepatocytes as such 

(59).  

1.4.6. Enterocytes 

Enterocytes are the intestinal absorptive epithelial cells, lining the inner surface of the 

intestine. Cytoplasmic detection of PRV-1 positive enterocytes has been demonstrated 

in HSMI diseased fish (59). This supports the suggested oral-fecal as a route of 

transmission of PRV-1 (53). 

 

1.5. Innate and adaptive immunity against PRV-1 infection 

Teleost fish have an immune system to cope with the wide variety of infectious agents 

of the aquatic environment. PRV-1 is one of the most common virus-infection in sea-

water reared Atlantic salmon. The mucosal surfaces are the first barrier that the virus 

must pass.  
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PRV-1 is thought to bind the target cell by σ1 cell-attachment protein (13), followed by 

the internalization of the virus particle into the early endosomes as in MRV (40). Cellular 

sensing mechanisms are set up to detect pathogen specific molecular patterns (PAMPS), 

among which the dsRNA nucleic acid is the most important for viruses, by the 

endosomal pattern recognition receptors (PRRs) (102). In fish, PRRs such as toll-like 

receptor 3 (TLR3) in the endosomes, and cytoplasmic RIG-I and melanoma 

differentiation associated gene (MDA5) recognize viral nucleic acids, including dsRNA 

(103, 104). Stimulation of PRRs induces various cascade signaling pathways. For 

viruses, and RNA viruses in particular, the type I interferons (IFN) have a central 

organizing position in the innate antiviral response in vertebrates (105). IFNs induce an 

antiviral state by inducing signaling pathways via type I IFN receptor to regulate 

interferon stimulated genes (ISGs). ISGs are related to elimination of viral components, 

apoptosis and protection of  non-infected cells (106). The complexity of the innate 

response is vast, but proteins with general antiviral activity such as Myxovirus protein 

(Mx), virus inhibitory protein (viperin) and protein kinase RNA-activated (PKR) are 

induced (107, 108). IFNs upregulate myriads of proteins including the antigen-

presentation of MHC type I,  which is followed by activation of macrophages, cytotoxic 

T cells and NK cells (109).  

 

Piscine erythrocytes are nucleated, and sensing of pathogens cause induction of an 

innate antiviral response with elevated expression of antiviral effector genes (110). 

Transcriptomic analyses performed on purified erythrocytes infected with PRV-1 have 

demonstrated downregulation of erythrocyte cellular proteins but several genes that 

potentially are involved in translational shutoff and inhibition of reovirus replication 

are upregulated (PKR, Viperin, ISG-15) (111). Viral mRNA translation is maintained as 

compared to the blocked cellular translation due to the activation of PKR and 

phosphorylation of eukaryotic initiation factor eIF2α (107, 112, 113). PRV-1 isolates 

from Canada are not able to induce innate antiviral responses in Atlantic and Sockeye 

salmon that indicates differences in hosts immune response or it could be due to 

differences in the viral virulence (114).   

 



 
 

18 
 

Orthoreoviruses, including PRV-1, evades the innate immune response by limited 

exposure of viral genomic dsRNA during the replication cycle. The transcription of viral 

mRNA occurs in the incoming core particle and the only viral RNA free in cytoplasm is 

viral mRNA, which initiates translation (115). Furthermore, the new plus strand of viral 

genomic RNA, which is identical to the viral mRNA, is packed in a capsid before the 

complementary negative strand is synthesized. This way, in a successful viral 

replication, viral dsRNA are never exposed in cytoplasm and the dsRNA recognizing 

PRRs in the cytoplasm i.e. RIG-1 or MDA5 are not induced (115). Furthermore, the PRV 

σ3 protein that is released into the cytoplasm from the outer capsid layer during the 

fusion process with the endosomal membrane binds with dsRNA (30), and thus also 

contributes to inhibit the innate immune response. 

 

Adaptive immune responses, both humoral and cellular, are mounted in Atlantic salmon 

against PRV-1 infection. IgM is the most dominant antibody isotype present in fish 

compared to the IgD and IgT class (116), and teleost fish lack isotype switching of 

immunoglobulins (117, 118). PRV-1 specific antibodies against μ1C, μNS and σ1 have 

previously been detected in experimental challenge studies (119, 120).  Peak specific 

IgM level in plasma corresponded in time with the decline in myocardial inflammation 

(119). Immunohistochemical detection shows a wide distribution of CD8+ cytotoxic T 

cells (CTLs) in HSMI affected heart (121). CTLs are involved in killing of virus-infected 

cells through detection of viral peptides presented in MHC-I on the infected cell surface 

(122, 123), followed by production of granzymes and perforins to induce apoptotic 

responses causing cell death (124, 125). Increased expressions of CD8 and granzyme 

are observed in spleen after PRV-1 infection (126). Transcriptomic analysis of heart 

tissue with HSMI also suggest presence of macrophages, T helper cells and B cells (121, 

127). Upregulation of chemokine CCL19/MIP-3β in spleen is detected after PRV-1 

infection (126), that has a function to attract dendritic, T- and B cells.  

1.6. Macrophage response in inflammation 

Tissue macrophages originate during embryonic development and partly from 

circulating monocytes. (128). Macrophages are one of the first lines of cells involved 

during inflammatory responses. Type II interferon (interferon gamma) (IFN-γ) may 
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activate macrophages in teleost fish (129). Type I IFNs are mainly responsible for 

expression of ISGs while IFN-γ reinforce and coordinate antiviral mediated effects 

(129).  Although IFN-γ can be expressed by various immune cells, the T lymphocytes 

subset T-helper 1 (Th1) cell population produce it to activate and polarize macrophages 

to the M1 type (Figure 11) (129, 130). M1 type macrophages can be induced by both 

stimulation of PRRs or by INF-γ (131). The inflammatory M1 macrophages induce iNOS2 

expression and elevates antigen presentation. iNOS2 produce nitric oxide, which is a 

reactive free oxygen radical with antimicrobial activity. M1 polarized macrophages have 

the capacity to kill ingested pathogens while producing pro-inflammatory cytokines 

such as TNF-α, IL-1β and IL-6 (98).  

  

 

Figure 11. Polarization of macrophage phenotypes in fish. Illustration shows activation of classically 

activated (M1) and alternatively activated (M2) macrophage populations under microbial infection and 

inflammatory conditions. Picture modified from (131). 

 
On the other hand, anti-inflammatory cytokine production from T-helper 2 (Th2) cells 

alters the phenotype of macrophages to the so called M2 type, with increased arginase 

(Arg2) activity and production of extracellular matrix and polyamines (130). The 

presence of M2 macrophages indicates an anti-inflammatory microenvironment and 

tissue repair process. It is worth noting that M2 macrophages can counter-balance the 

M1 macrophage activity by upregulating Arg2 that will convert the L-arginine to L-

ornithine and urea, whereas L-arginine is the main substrate of iNOS2 enzyme which is 

converted into L-citrulline. M2 macrophages are further categorized, based upon the 

source of stimulation including other factors such as parasites infestation, CSF-1 or IL-

10, but IL-4/-13 forms the best characterized M2 macrophages. Arg2 presence is 
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defined as a marker of M2 macrophages in teleost fish (98). The macrophage 

dichotomous paradigm is dependent on arginine metabolism, which is highly conserved 

in fish (132).  

1.7. Persistent viral infections in salmonids 

Persistent viral infection follows when the host is unable to clear an acute infection 

(Figure 12) (133).  Virus-host interplay is largely dependent on specific immune 

responses after the acute phase. Persistent infections can be non-productive (latent 

infections), as they are for herpesviruses, or productive as they are for retroviruses 

(134). The pattern of persistence varies among viruses, but common features for 

maintaining the viral activity for long periods include infection of subsets of long lived 

cells to protect the viral genome, avoid induction of apoptotic pathways, bypass specific 

immune responses and modulation of the viral gene expression (134). Inefficient 

immune responses and viral evasion facilitates viral persistence.  

 

Although teleost fish generates specific immunity against a foreign antigen such as a 

virus, lack of antibody class shift and increased affinity maturation limits the 

neutralization of viruses and hence provide partial protection (116). Fish is more 

dependent on innate responses than mammals are (135).  Viral carrier states or 

persistence are not very well explored in fish, but persistence is a common outcome of 

virus infections of fish. PRV-1 infects macrophage-like cells in the Atlantic salmon, and 

chronic infections associated with melanized focal changes are reported (10). PRV-1 

was reported to persist for at least 59 weeks post challenge in western north America 

but fails to produce HSMI disease in the sentinel fish (114). An IFN type I response is 

induced in the infected fish, but PRV is still produced at high levels (111). On the other 

hand, PRV-3 infects rainbow trout but gets cleared off (75), which indicates that the 

host-virus interplay is an important factor for persistent infections. IPNV replicates in 

the head kidney macrophages and persists in different salmonid species (136-138). 

Vaccination against IPNV did not hinder viral carrier states in the fish (139). Anti-

inflammatory cytokines, e.g. IL-10, can indirectly promote persistence as it suppresses 

pro-inflammatory cytokines (140). IPNV infected tissues show a low number of 

apoptotic cells (141), indicating that differentiated macrophages are not prone to 
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apoptotic signaling which facilitates persistent infection. Viral clearance is not absolute 

in persistent infections, like SAV infection in Atlantic salmon. It is likely that an infected 

fish becomes long-time carrier. SAV persistence is reported after several months in the 

gills, heart and pancreas (142). Recurring outbreaks of salmon gill poxvirus (SGPV) in 

Atlantic salmon farms are also reported, suggesting a possible viral reservoir and 

reactivation of the virus after acute infection (143). Viral hemorrhagic septicemia virus 

(VHSV) and Infectious hematopoietic necrosis virus (IHNV)  produce persistent 

infections in salmonids and  infect macrophages and hemopoietic area comprising 

precursor cells in the head kidney respectively (144-147).  

 

Figure 12. Illustration of a course of viral infection from acute to persistent phase. Acute phase is mostly 

dominated by viral replication, and cellular and tissue damage. Depending upon the immune response 

from host, either the host is recovered from the antigen by targeted elimination of the virus or acute 

infections develops into chronic/persistent infection with prolonged viral effects depending upon viral 

species. Picture modified from (148).   
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1.8. Vaccination against HSMI 

Vaccination can be an efficient tool to control an infectious disease. For farmed Atlantic 

salmon, many bacterial diseases are controlled by vaccination, but viral diseases still 

pose a huge threat for the industry. For several vaccines against viral diseases in 

mammals, protection is correlated with the specific antibody level (149), but specific 

antibodies do not always indicate a protective response. Inactivated vaccines has 

induced neutralizing antibodies in other viral infections in salmonids, e.g. Salmonid 

alphavirus (SAV) (150). For SAV and Infectious pancreatic necrosis virus (IPNV) 

infections, it is observed that inactivated vaccines do not reduce the number of disease 

outbreaks (151, 152).  The protective immune response against HSMI is not known. In 

a previous study, PRV-specific IgM appeared at about the same time as a significant drop 

in the myocardial inflammation (119). Partial protection against PRV was demonstrated 

by applying an inactivated vaccine based on purified virus particles. This vaccine 

protected only the vaccinated individuals when they were exposed to PRV by  i.p. 

injection, and to a lesser degree when PRV were administrated through addition of 

infected shedder fish (153). A DNA vaccine expressing non-structural and structural 

proteins showed moderate protection against HSMI (154). The limited protection seen 

after cohabitant exposure using inactivated whole virus vaccination or DNA vaccination, 

suggest that alternatives such as attenuated live vaccines should be tested for protection 

against HSMI. 
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2. Aims 
 

Main Objective 

The aim of the project was to study viral and immunological mechanisms of PRV1 

persistence in Atlantic salmon. 

 
Sub-goals 
 

1. Study PRV-1 kinetics and infected cell types in the persistent phase of infection 

in Atlantic salmon. The hypothesis was that the in-host reservoir of persistent 

PRV-1 is infection of long living cells. 

 

2. Study the role of polarized macrophages and cell mediated immune response 

versus PRV-1 infection in HSMI and in black spot formation.  

 

3. Study if a live attenuated virus vaccine could give effective protection against 

PRV-1 infection and HSMI. The hypothesis was that PRV-2 or PRV-3, which are 

naturally attenuated in Atlantic salmon, could provide protection.  
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3. Summary of papers 
 
Paper I: 

Erythroid progenitor cells in Atlantic salmon (Salmo salar) may be persistently 

and productively infected with Piscine orthoreovirus (PRV)  

Muhammad Salman Malik, Håvard Bjørgen, Kannimuthu Dhamotharan, Øystein Wessel, 

Erling Olaf Koppang, Emiliano Di Cicco, Elisabeth F. Hansen, Maria K. Dahle, Espen 

Rimstad 

 
In this study, PRV-1 was investigated in various organs and tissues from experimentally 

challenged Atlantic salmon for a period of 18 weeks. PRV-1 was found to be actively 

transcribing which contrasted the low level of viral proteins. Differential expression 

pattern of PRV-1 segments was not observed, as RNV levels indicated homogenous 

transcription of segments belonging to large (L), medium (M) and small (S) class. 

Comparison of genomic dsRNA and PRV-1 ssRNA transcripts was performed to 

understand viral activity in different organs. Detection of intact PRV-1 particles with 

genomic dsRNA in plasma showed viremia in the fish at all timepoints. The relative 

abundance of viral ssRNA showed that kidney is a more active site for the viral 

transcription in the persistent phase of the infection than blood cells are. In situ 

hybridization assays i.e. singleplex and duplex, confirmed that PRV-1 is capable of 

targeting erythrocytes, macrophage colony-stimulating factor receptor (MCSFR) 

positive macrophages and melano-macrophages along with long living erythropoietin 

receptor (EPOR) positive erythroid progenitor cells in the kidney. In addition, some 

uncharacterized cell populations which are positive for PRV-1 are yet to be mapped. 

Altogether, PRV-1 establishes a productive and persistent infection in Atlantic salmon. 
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Paper II: 

M1 polarized macrophages in red and black spots in white muscle of Atlantic 

salmon (Salmo salar) are PRV-1 infected and cause a pro-inflammatory 

environment. 

Muhammad Salman Malik, Håvard Bjørgen, Ingvild B Nyman, Øystein Wessel, Erling O 

Koppang, Maria K Dahle and Espen Rimstad 

 

Melanin spots in white skeletal muscle represent a major problem in sea farmed Atlantic 

salmon. Piscine orthoreovirus-1 (PRV-1) is associated with the condition, but the 

etiology of the focal changes is unclear. There are indications that the spots start as 

muscle bleeding and muscle necrosis (red spots), which can develop into chronic 

granulomatous changes, which appear as melanized focal areas (black spots). In the 

granulomatous melanized changes, PRV infection and associated inflammation are 

important contributors to the changes, but both red and incipient black spots occur in 

PRV-1 negative fish as well. In this study, we looked at the relationship between PRV 

infection and the development of melanized focal changes. Fluorescent in situ 

hybridization (FISH) analysis showed co-localization in the same cells of iNOS2 mRNA, 

i.e. activated, pro-inflammatory macrophages (M1 phase) with PRV-1 in red spots. In 

black spots, we found co-localization with PRV-1 in both M1 and M2 macrophages and 

melano-macrophages. M2 is associated with wound healing and tissue repair, 

characterized by high levels of Arg2 transcripts. Melano-macrophages positive for Arg2 

mRNA were found in the late phase of red spots, indicating the transformation of a red 

spot into black spot when melano-macrophages were abundant. There were very low 

levels of cells with M1- and M2-specific transcripts in spots in PRV-negative fish, 

indicating that inflammation caused by PRV infection in the spots is a driver of the 

melanization in the focal changes. Cells with transcripts specific for melanin production 

were found in early-stage non-melanized cells and in late-stage melano-macrophages. 

The function of the melanoma macrophages is disputed, and why the cells produce 

melanin are not fully understood. This study reveals new properties of the pathogenesis 

of focal melanized changes, as well as for the melano-macrophages. 
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Paper III: 

Dynamics of polarized macrophages and activated CD8+ cells in heart tissue of 
Atlantic salmon infected with Piscine orthoreovirus-1. 
 
Muhammad Salman Malik, Øystein Wessel, Ingvild B Nyman, Maria K Dahle and Espen 
Rimstad. 
 
PRV-1 infection causes heart and skeletal muscle inflammation (HSMI) in Atlantic 

salmon. In this study the inflammatory microenvironment in heart and skeletal muscle 

during development of HSMI was characterized.  Heart and skeletal muscle tissues with 

characteristic HSMI lesions showed presence of polarized M1 and M2 macrophages. M2 

macrophages were prominently distributed in the heart, but to a lesser degree in 

skeletal muscle tissue. PRV-1 did not co-localized with widely distributed M2 

macrophages surrounding the infected cardiomyocytes in the heart. M1 macrophages 

were low in number and moderately co-localized with PRV-1 in both heart and skeletal 

muscle.PRV-1 was confirmed in MHC-I expressing cells in the heart tissue, and 

interacted with CD8+ cells expressing granzyme A. Skeletal muscle tissue did not pose a 

strong MHC-I/CD8+ cellular response as compared to heart. MHC-I and CD8+ cells were 

dispersed in between myocytes but did not overlap with PRV-1 staining. Gene 

expression analysis validated the in situ findings of the immune markers and showed 

that PRV-1 levels dropped after the increase in the cell mediated immune response in 

heart and skeletal muscle tissues.   
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Paper IV: 

Piscine orthoreovirus (PRV)-3, but not PRV-2, cross-protects against PRV-1 and 

heart and skeletal muscle inflammation (HSMI) in Atlantic salmon (Salmo salar) 

Muhammad Salman Malik*, Lena H. Teige*, Stine Braaen, Anne Berit Olsen, Monica 

Nordberg, Marit M. Amundsen, Kannimuthu Dhamotharan, Steingrim Svenning, Eva Stina 

Edholm, Tomokazu Takano, Jorunn B Jørgensen, Øystein Wessel, Espen Rimstad, Maria K 

Dahle 

 

Immunization strategies against HSMI, including an inactivated whole virus vaccine and 

a DNA vaccine, have been experimentally tested previously but only shown to provide 

partial protection. So far, no vaccine has induced full protection against PRV-1 infection 

and HSMI, and none are commercially available. PRV-3 has previously been shown to 

replicate in Atlantic salmon, but without causing cardiac pathology. In this study, we 

aimed to test whether infection with PRV-2 or PRV-3 could provide effective protection 

against subsequent PRV-1 infection and HSMI. During the immunization period, PRV-2 

and PRV-3 viral kinetics and production of cross-reactive antibodies against the PRV-1 

σ1 protein were studied, as well as the ability of PRV-2 or PRV-3 infection to transmit to 

naïve Atlantic salmon. PRV-2 replicated for a limited time at low levels, while PRV-3 

replicated more effectively in Atlantic salmon. None of the viruses gave pathological 

findings or infected cohabitant fish between 5 and 10 weeks after injection. PRV-3 

infection yielded high levels of antibodies that bound to PRV-1 σ1, while PRV-2 infection 

did not. Ten weeks after PRV-2 or PRV-3 immunization, fish were infected with PRV-1 

through cohabitation with shedder fish. It was found that both inactivated PRV-1 

vaccine and PRV-2 infection provided partial protection against PRV-1 and HSMI, while 

PRV-3 blocked secondary PRV-1 infection and HSMI development totally. Although the 

safety aspect of infecting Atlantic salmon with PRV variants that cause disease in other 

salmonids makes this type of immunization disputed, but this shows a clear potential 

for the use of attenuated viruses for vaccination. Such studies can also be used to 

uncover the mechanisms involved in protection. 
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4. Results and general discussions 
 

4.1. PRV-1 establishes a productive and persistent infection in 
Atlantic salmon 

Establishing the causal relationship between PRV and HSMI has led to a series of 

investigations and research exploring the infection kinetics in the host and primarily the 

acute phase that lasts for approximately 4-6 weeks after infection. PRV has the potential 

to infect piscine nucleated erythrocytes efficiently in the initial acute phase (88). In the 

first paper we performed an experimental challenge study by inoculating PRV-1 

NOR2012 isolate in fish intraperitoneally (i.p.) and followed the infection for 18 weeks 

to study the infection kinetics both in the acute and persistent phase. The expression of 

PRV segments L, M and S classes were studied to see if significant differential expression 

of genomic segments were linked to the persistent phase. Results showed homogenous 

expression of all segments analyzed, i.e. L1, M2, M3, S1, S2 and S3. Almost identical 

patterns for each segment were detected both in the acute and persistent phase.  A 

Canadian PRV-1 isolate has also shown resemblance with respect to similar segment 

expression with minor proportional variations among them (155). Spleen tissue showed 

higher PRV levels at the peak time point compared to the blood cells, indicating 

aggregation of damaged blood cells, and in situ hybridization of the red pulp of the tissue 

confirmed this (from paper I).  

 
Figure 12. Homogenous segment expression of PRV-1 belonging to L, M and S class (mean trend line) in 

blood cells and spleen during experimental challenge study.  
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Double stranded genomic RNA (dsRNA) and single stranded viral transcripts (ssRNA) 

of PRV-1 were differentially detected by omitting the denaturation step in the RT-qPCR 

analysis. Different organs including blood cells and isolated plasma, spleen and kidney 

were screened for RNA levels of PRV-1. The results showed that ssRNA viral transcripts 

were higher in the kidney tissue compared to organs in the persistent phase and thus 

indicates kidney as the most active site for transcription to make a possible reservoir 

(Figure 13A). Moreover, PRV-1 viremia (virus particles in plasma), indicated by dsRNA 

in plasma, was detected at all timepoints (Figure 13B). ssRNA, i.e. viral mRNA, were 

detected in the plasma only at the peak of infection in the acute phase, i.e. the time with 

highest viral load and possible leakages from destroyed blood cells due to acute 

infection. dsRNA detection in plasma indicated that PRV-1 is continuously producing 

intact viral particles in the persistent phase, and that these are not immediately 

removed by the immunoglobulins produced by humoral response established after the 

acute infection. It cannot be disregarded that PRV-1 particles in the plasma could be 

present in extracellular vesicles that can shield the virus from antibody binding (156, 

157). Fecal-oral route of transmission is suggested both in PRV-1 and MRV and other 

reoviruses such as rotaviruses which are also released from the cells in vesicles (53, 158, 

159).   

 

Figure 13. RT-qPCR analysis showed PRV-1 level in different organs during the acute and persistent 

phase. (A) PRV-1 is relatively higher in blood cells in acute phase but significantly higher in kidney from 

9 wpc to 18 wpc (persistent phase). (B) PRV-1 dsRNA in plasma (red) indicating continuous production 

of viral particles. Asterisk sign (*) shows significant difference between fish groups at each time point 

(from paper I).  
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The PRV-NOR2012 isolate originated from an HSMI outbreak in Norway and has been 

used in other studies to reproduce HSMI experimentally (9). Viral shedding is often 

associated with the potential to transmit the virus to other hosts and spread the disease. 

PRV-1 virulence is linked to the evolutionary changes of the genome leading to the 

ability to cause HSMI (160). Canadian PRV-1 isolates do not produce HSMI related 

lesions to the same extent as many Norwegian isolates (155).Moreover,  persistently 

infected fish (at least 41 weeks) do not cause viremia (it is still a possible technical issue 

about this) and have not the ability to spread the virus to cohabitant fish (114). High 

virulent strains of PRV-1 are associated with higher plasma viremia compared to non-

virulent strains (60).  

 

There is a contrast between PRV-1 transcriptional activity and detection of viral 

proteins during the persistent phase of infection. Outer capsid proteins σ1 and σ3 were 

detected in the blood cells until 3 weeks post challenge and not thereafter in this 

challenge study in line with previous studies (29). Cellular translational activity can be 

partly blocked that can halt the viral protein expression as described for mammalian 

reoviruses (161). Phosphorylation of  eukaryotic translation initiation factor (eIF2α) 

during innate immune response by the activated protein kinase (PKR) is considered a 

key factor for the inactive state of the cell (162, 163). 

4.2. PRV-1 infects erythroid and macrophage lineage cell 
population 

During the course of HSMI, PRV-1 infects blood cells and cardiomyocytes. However, 

PRV-1 has also been associated with the development of melanized focal changes in the 

Atlantic salmon, and is reported to infect mononuclear macrophage-like cells and 

pigmented melano-macrophages (10, 62).  

 

The PRV-1 level is higher in the kidneys and spleen tissues compared to the heart tissue 

during the persistent phase. ISH assays showed PRV-1 in peritubular macrophage-like 

cells in the head kidney region (Figure 14A). This PRV-1 localization pattern was 

consistent from early time points until the end of the experimental trial, indicating that 
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these types of cells are prone to long-term infection with PRV-1. Similarly, the virus was 

also found in macrophage-like cells in the spleen (Figure 14B).  The virus was heavily 

localized to the red pulp of the spleen during the acute phase which are special sites for 

antigen trapping (164, 165).  Functional antibodies can form immune complexes in the 

blood plasma after binding to antigens that can be eliminated in the spleen (165). But a 

steady level of PRV-1 after the peak phase in blood indicates that PRV-1 is actively 

replicating and persists in cell populations without the host being able to clear it.  

 

Figure 14. Localization of PRV-1 (red) in renal and splenic macrophage-like cells (from paper I).  

 

Cellular localization of PRV-1 was analyzed via duplex ISH detection, obtaining the 

identification of specific cell types infected by the virus. Localization of PRV-1 specific 

staining was noticed in MCSFR positive cells in kidney and spleen (Figure 15). Melano-

macrophages were also sporadically positive for PRV-1 staining. MCSF is responsible for 

inducing proliferation and differentiation of macrophages in teleost fish through a 

transmembrane receptor known as macrophage colony stimulating factor receptor 

(MCSFR) (166). In higher vertebrates such as mammals, MCSFR is considered to be a 

marker for M2 polarized macrophages (167). In teleost fish, macrophage colony 

stimulating factor (MCSF) is also associated with a polarized macrophage population 

defined as M2c (98). They are also referred as regulatory macrophages with a main 

function to suppress Th1 immune response (98, 131). MCSFR positive cells represent 

an anti-inflammatory macrophage phenotype, but recent data suggests that arginase 

enzyme activity is a more specific marker of M2 polarized macrophages (98, 131). 

Continuation of the viral lifecycle is the utmost requirement to establish a persistent 

infection. Cells with properties of long life spans such as macrophages are attractive cells 

for viral reservoirs (168). ARV is also reported to replicate in macrophages for a 
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productive infection (169). High virulent strains have an increased tendency to replicate 

in macrophages (35). 

 

Figure 15. Co-localization of PRV-1 (green) in MCSFR (red) positive M2 macrophage phenotype (arrows) 

and some melano-macrophages (arrowheads) in (A) kidney and (B) spleen in the persistent phase 

(modified from paper-I). 
 

Erythropoietin (EPO) protein is primarily responsible for proliferation and synthesis of 

circulatory erythrocytes to maintain enough oxygen supply to the tissues. Regulation of 

erythropoiesis is tightly controlled in hypoxic and anemic conditions via its cognate 

receptor i.e. EPOR. ISH was performed to identify EPOR positive erythroid progenitor 

cells in the head kidney (Figure 16). PRV-1 nucleic acid was detected in erythrocyte 

precursor cells sporadically in the hemopoietic tissue region, suggesting viral tropism 

in these long-lived cells. PRV-1 is not known for causing anemic conditions in Atlantic 

salmon, but permissiveness to EPOR positive cells points to the infection of newly 

synthesized young erythrocytes, which can be released to the circulation at any time. In 

the persistent phase, heart tissue shows significantly low number of PRV-1 positive cells 

or none at all, but it is worth noting that PRV-1 positive cells are still detected in the 

peripheral blood supply throughout the persistent phase. JAM-A is expressed both in 

endothelial and hematopoietic cells in mammals and MRV disseminates into the blood 

stream and cause viremia only after infection of  JAM-A expressing endothelial cells, but 

not hematopoietic cells (170). Therefore, PRV-1 spread in the blood supply could be 

dependent on the distribution of specific receptors on cells involved in viral entry and 

infected erythroid progenitor cells could serve as long-term reservoir. 
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Figure 16. PRV-1 (green) is co-localized in erythroid progenitor cells (red) in the head kidney of Atlantic 

salmon.  
 

4.3. PRV-1 is associated with macrophage polarization in 
melanized focal changes and HSMI. 

HSMI is the consequence of an acute PRV-1 infection with high virus titers in blood 

preceding cardiac and skeletal muscle lesions (9). Thereafter, PRV-1 persists for a long 

period of time, perhaps life-long in surviving fish. PRV-1 is also present in the chronic 

pathological changes of melanized spots in Atlantic salmon. Ubiquitous presence of PRV-

1 in sea water results in high prevalence of both these pathological conditions among 

farmed fish (171).  

 

The macrophage response was characterized in paper II and III in chronically PRV-1 

infected fish with red and black spots and in the peak phase of HSMI. The results showed 

that PRV-1 infection is associated with polarization from M1 to M2 in the process of 

black spot development (Figure 17). Red spots have a significant upregulation of iNOS2 

expression and the iNOS2 expressing M1 macrophages were also positive for PRV-1 

transcripts during early and intermediate phases as shown by FISH technique. This 

indicates involvement of these cells in the pathogenesis of the spots. Type II IFN (IFN-γ) 

can activate and polarize macrophages into the M1 phenotype, which phagocytose and 

inactivate pathogens by actions of nitric oxide (NO) and reactive oxygen species (ROS) 

(172, 173). Melanized focal changes or black spots, defined  by their macroscopic 

presentation in white musculature of Atlantic salmon, have abundant melanin 
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containing cells (10). High expression of iNOS2 is linked with high melanin production 

in melanocytes in mammals (174), and therefore it is highly likely that activation of the 

classical M1 macrophage phenotype with high iNOS2 expression is linked to melanin 

production in Atlantic salmon. Whereas a clear contrast is observed to the old black 

spots, where the iNOS2 expression is reduced and there is a significantly higher 

arginase-2 (Arg2) level and presence of M2 type macrophages. Arginase-2 specific 

transcripts were spotted mostly in the melanized area in both melano-macrophages and 

non-melanized macrophages. IL-4 or IL-13 cytokines are involved in alternate activation 

of the M2 type phenotype. The M2 type macrophages are involved in resolution of tissue 

inflammation, regeneration and repair, i.e. healing process. Production of angiogenic 

substances and polyamines are some of the major functions of these cells (98, 175). 

Collagen expression with pro-fibrotic factors such as transforming growth factor (TGF-

β), vascular endothelial growth factor A (VEGF-A) and insulin-like growth factors are 

reported for M2 macrophages to suppress inflammation and promote repair (175). 

 

Presence of melano-macrophages at the infected site indicates their role in the tissue 

repair mechanism. Phagocytosed infected cells have been reported in macrophages and 

melano-macrophages in other viral infections in Atlantic salmon (176). This study 

shows that PRV-1 was associated with the pro-inflammatory microenvironment during 

red spot and early black spot formation and was consistently associated with melano-

macrophage detection from the late phase of red spots and onwards.  

 

Figure 17. Macrophage polarization (M1/M2) in red and black spots. (A) Co-localization of PRV-1 in 

classically activated M1 macrophages in intermediate phase of red spot. (B) Detection of M2 macrophages 

in melanized area in late phase of red spots. (C) Dominance of M2 macrophages in melanized (black 

arrow) and non-melanized (white arrow) in the black spot (modified from paper II).  
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Pro-inflammatory cytokines generally predominate in acute viral infections (177, 178), 

but HSMI affected fish groups showed moderate level of M1 macrophages in the heart 

and skeletal muscle tissue and the M1 cells only partly co-localized with PRV-1 staining. 

On the other hand, heart tissue had many cells with a pronounced Arg2 expression 

(Figure 18). Fewer M2 macrophages were seen in the skeletal muscle tissue. The M2 

macrophages were scattered in all cardiac layers but did not show co-localization with 

PRV-1. High Arg2 expression correlates well with the efficient regeneration function of 

the Atlantic salmon heart (101).  

 

Polarization of M1 macrophages was a prominent finding of back spots formation, but 

not equally so in HSMI. Upregulated iNOS2 expression is associated with black spot 

formation, assumably through stimulation of melanin production in melano-

macrophages. iNOS2 activity is involved in Grass carp reovirus (GCRV) induced 

hemorrhages, which is a characteristic pathological phenomenon for GCRV infection in 

Grass carp, as well as in the induction of apoptosis in vascular endothelial cells (179). 

We did not find indications that macrophage polarization was important during initial 

development of HSMI. 

Figure 18. Macrophage polarization (M1/M2) in Heart and skeletal muscle inflammation in Heart (A-B) 

and skeletal muscle (C-D) (from paper III). 
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4.4. PRV-3 subtype cross-protects against PRV-1 infection in 
Atlantic salmon. 

Farmed fish undergoes several life-stages and rearing procedures, including artificial 

sea-water adaptation, light regimes, handling and transportation activities. These 

potential stressful conditions make the fish more susceptible for opportunistic 

pathogens. Intensive farming of Atlantic salmon combined with the ubiquitous PRV-1 in 

seawater pose a threat to fish health. PRV has three identified subtypes i.e. PRV-1, PRV-

2 and PRV-3, which produce different diseases in different salmonid species (9, 65, 76). 

A vaccine approach is tested in paper IV to study the cross protective potential of PRV 

subtypes i.e. PRV-2 and PRV-3 against PRV-1 infection (Figure 19A).  

 

PRV-3 replicated efficiently in Atlantic salmon and produced high virus titers for 18 

weeks of experimental challenge, while PRV-2 replicated less efficiently. During the 

vaccination trial, cohabitant fish were added to see if PRV-1, -2 and -3 were transmitted 

to the naïve fish. Only PRV-1 infected fish infected the naïve cohabitant fish. PRV-1 and 

PRV-3 has higher overall amino acid sequence similarity (90% identity) compared to 

their similarities to PRV-2 (80% identity) (26). Whereas the cell attachment protein 

(σ1) amino acid sequence of PRV-1 has 82% identity with PRV-3, it has only 67% 

identity with PRV-2. Dissimilarity among PRVs could be linked to the difference in 

receptor binding efficiency in their target species, which could possibly be associated 

with PRV-2 and PRV-3 failure of transmission into the naïve fish. Although PRV-3 did 

not persist like PRV-1 in Atlantic salmon, the virus nevertheless replicated for at least 

18 weeks.  This differs from rainbow trout, in which PRV-3 infection is eliminated (76).  

The assumed natural host for PRV-3, brown trout (Salmo trutta), is much closer related 

to Atlantic salmon than what rainbow trout is. Bead-based immunoassay detected PRV-

1 cross-binding antibodies in blood from PRV-3 infected fish, not at high levels, but 

higher than in PRV-2 infected fish, which is in line with the difference in protection 

between these two infections. Whereas an inactivated vaccine was used as a control, it 

did not lead to measurable production of specific antibodies against PRV-1 σ1.  

 

Blocking of PRV-1 infection by prior immunization with PRV-3 infection may involve a 

cell mediated immune response or antiviral immunity, however, this was not indicated 
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by expression analysis of the immune genes.  The protective mechanism would possibly 

not be solely dependent on cross-binding antibodies. It is possible that protection was 

present already at the mucosal surfaces. PRVs are not well studied for their route of 

entrance apart from suggested fecal-oral route for PRV-1 and infection through 

intestinal wall (53). This indicates that mucosal immunity may have a role in obstructing 

PRV-1 infection. Live attenuated vaccines may induce mucosal immunity, especially if 

they are administered at the mucosal surfaces and could be very promising vaccines 

against PRV-1.  

 

The heart is the main infected organ  in acute PRV-1 infection (11) after a prior virus 

propagation in erythrocytes (9, 89). Histological evaluation showed that HSMI like 

lesions were completely absent in all fish immunized with PRV-3 (Figure 19B).   

Figure 19. PRV-3 subtype protection potential against PRV-1 infection. (A) PRV-1 level in fish groups 

immunized with PRV-2, PRV-3, and inactivated PRV-1 vaccine. (B) Histopathological overview of PRV-3 

immunized fish heart after PRV-1 shedder fish cohabitants (from paper IV). 

 

4.5. MHC-I and CD8+ cells presents specific immune response 
against PRV-1 infection in Atlantic salmon. 

 
The teleost fish immune system shows a diverse dynamics of innate and adaptive 

immune responses against viruses (118). Both antiviral and acquired immune 

responses against PRV-1 infection are explored in various studies to evaluate host-virus 
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interaction and its ability to eradicate the virus (111, 121, 180). The FISH method was 

performed to observe PRV-1 localization in MHC-I and CD8 expressing cells during acute 

infection, HSMI, and chronic inflammatory condition, i.e. red & black spots.  

  

A strong activation of immune genes i.e. CD8α, GzmA and MHC-I were observed in the 

HSMI affected heart after the peak phase of experimental PRV-1 infection, at the time of 

severe histopathological lesions. FISH results showed that PRV-1 co-localize with CD8 

cells which were scattered massively in different cardiac layers, however, most frequent 

in stratum spongiosum (Figure 20). Although Granzyme A synthesis is induced in CD8 

cells in situ analysis also revealed non-CD8 cells with GzmA expression, possibly other 

immune cells such as natural killer cells. Transcriptional or immunohistochemical 

analysis performed previously indicated recruitment of T cells in the heart (121, 127), 

but FISH method allowed us to map localization of the CD8 and MHC-I expressing cell 

populations to indicate antigen presentation and cytotoxic killing of PRV-1 infected 

cells. Skeletal muscle tissue showed a relatively low targeted response compared to 

heart, but the PRV-1 level declines after the cellular immune response in both tissues. 

The higher PRV-1 infection level in heart may be the reason for the relative difference 

in the immune response between heart and skeletal muscle tissue. 

 

Figure 20. PRV-1 co-localization in CD8 positive cells in the heart tissue during experimental challenge 

study (from paper III). 
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Field samples of macroscopic red or black spots in the white muscle tissues showed 

moderate cellular inflammatory responses i.e. CD8+ and GzmA positive cells, but PRV-1 

infected cells were nevertheless associated with, and thus possibly targeted by, CD8 

positive cells both in red and black spots. PRV-1 partly co-localized in MHC-1 cells 

present in melanized areas of black spots samples (Figure 21). With individual variation, 

RT-qPCR results showed that CD8α expression is moderately higher in the red and black 

spots, but granzyme A and MHC-I expression level are significantly increased in both 

types of spots. One interesting finding is that no MHC-I positive cells were observed in 

this study, and neither were PRV-1 positive myocytes in skeletal muscle. Therefore, it 

can be assumed that infection of myocytes with PRV-1 may not be a relevant inducer of 

spot formation.  

Figure 21. PRV-1 sporadic co-localization in MHC-I cells (A-C) in the black spots. (D) Gene expression 

analysis of CD8α, GzmA and MHC-I in the red and black spots (from paper II). 
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Although this study did not prove that PRV-1 was the causal agent for melanized focal 

changes, all the infected fish had a significant inflammatory response during 

pathogenesis of this condition, based on the presence of M1 macrophages. Moreover, a 

specific cell mediated response is raised against PRV-1, but still, the Atlantic salmon is 

unable to clear the infection. Spot formation is most likely a long-lasting process where 

the host tries to control PRV-1 infection continuously.  

 

PRV-1 persistence in long living renal erythroid progenitor cells or macrophages leads 

to a bypass from immune responses, and results in a continuous renewal of the infection 

(paper I), that may have consequences different from those observed during acute 

infection. In aquaculture, Atlantic salmon can be coinfected with PRV-1, SAV, PMCV and 

calicivirus, and probably with many other viruses as well (181-183). PRV-1 induced 

innate immune responses can partly protect against other viruses such as SAV (184). It 

can be speculated that the innate antiviral response raised against the ubiquitous PRV-

1 have the cross-protection effect against secondary viral infections. 
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5. Methodological consideration 
 

5.1. Detection of PRV-1 genomic (dsRNA) and transcript 
(ssRNA) nucleic acids by qPCR. 

PRV-1 nucleic acid detection was performed by extraction of RNA, reverse transcription 

to cDNA and real time PCR of the cDNA. It was used to assess the viral RNA load in 

samples from Atlantic salmon. In general, PCR is among the most efficient and sensitive 

methods for viral detection. PRV-1 genomic segment expression of the L, M and S classes 

was evaluated based upon 35 cycles of amplification. Comparable levels were found for 

all segments, which led us to distinguish between genomic dsRNA and ssRNA transcript 

in the same tissue sample.  

 

Denaturation of the total RNA extracted is performed by heating to 95 °C for 5 min. This 

breaks the hydrogen bonds of the double stranded genomic RNA, and it separates into 

single strands that are accessible for primers.  Omitting the denaturation step such that 

the dsRNA does not separate into ssRNA, will limit the primers of the PCR recognizing 

only the ssRNA PRV-1 transcripts (Figure 22A). The validity of the method has been 

verified earlier when the effect of heat denaturation was compared to the effect of using 

ssRNA and dsRNA specific RNAases (155). This method led to a consistent difference 

between dsRNA and ssRNA levels in all tested organs. However, since there is only one 

type of viral transcripts from reoviruses, the viral mRNA is identical to the positive stand 

of the viral genomic RNA, which implies that we could not distinguish between 

transcripts used for viral protein production or as templates for synthesis of new 

genomic RNA. The detection of viral ssRNA would, nevertheless, indicate viral 

transcriptional activity.  

 

Plasma samples, being devoid of cells, showed a clear difference between genomic and 

transcript detection. Viral dsRNAs were detected in plasma throughout the 

experimental period of 18 weeks which indicates consistent presence of PRV-1 

particles. In contrast, ssRNA transcripts were only detected at the peak phase of PRV-1 

infection (Figure 22B), probably due to leakage of transcripts from infected cells such 

as erythrocytes at this time point of the infection.  Both the continuous detection of 
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ssRNA, albeit at a very low level, and the continuous detection of dsRNA in plasma, 

support the conclusion that the persistence of PRV-1 in Atlantic salmon is a continuous 

productive infection.  

Figure 22. (A) Schematic overview of PRV-1 dsRNA and ssRNA nucleic acid detection. (B) PRV-1 

transcripts (green) were detected in the plasma at peak phase by RT-qPCR method whereas dsRNA (red) 

were detected throughout the study period. 

 

When the new synthesized ssRNAs are packed in new cores and capsids, then only one 

copy of each strand is packed, probably due to space constrictions (185). The viral 

ssRNA, identical to the positive stand of the viral genomic RNA, is capped in the 5’ end 

and is not polyadenylated in the 3’ end. However, when RNAs are packed, there must be 

a connection between the ten different transcripts packed to ensure that there is only 

one copy of each and that they are all different.  There are no indications that the packing 

occurs arbitrarily for reoviruses.  If this particular property was known, it could 



 
 

45 
 

theoretically be possible to distinguish between viral mRNA and viral genome 

templates. 

  

5.2. Western blot 

The Western blot method was used to detect expression of specific viral protein 

expression in blood homogenates. Key steps include sample preparation, gel 

electrophoresis, blotting and detection. Samples were prepared using NP-40 lysis buffer 

for cell lysis, supplemented with protease inhibitors.  Proteins were denatured by 

heating, followed by gel electrophoresis, and blotting to membranes. Sample loading 

was customized by using β-actin as a control of amount loaded. Amongst various 

transfer systems for gel proteins to the PVDF or nitrocellulose membrane, semidry 

trans-blot turbo transfer system was chosen for its rapid blot transfer, high throughput, 

high efficiency, and reproducibility compared to other wet and dry methods. In every 

assay, positive and negative controls were included to judge the specificity of bands and 

to assess background noise due to cross-reactivity.   

 

Figure 23. WB image showing specific (arrowheads) and unspecific (arrows) bands both in controls and 

samples. 
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During the blot development process, important steps were followed to reduce the 

background, “blocking”, due to cross reactive antibodies.  The blots were incubated with 

3% bovine serum albumin (BSA) solution in PBS to avoid non-specific protein detection, 

BSA is a small protein and often used for coating of surfaces in immune based solid phase 

techniques.  

 

The in-lab produced polyclonal antibodies against PRV-1 proteins e.g. μ1 often gave 

unspecific bands in samples and thus demonstrating the necessity to use adequate 

controls for this work (Figure 23). Dilution of the samples were performed to reduce the 

background and unspecific binding, but this did not completely remove the background. 

5.3. In situ hybridization (ISH) 

 
Morphology-based detection methods allow specific detection of the cells of interest.  

The in situ hybridization (ISH) method spots specific DNA or RNA sequences by a labeled 

complementary nucleic acid strand that specifically bind to the target sequence and 

produce output signal after addition and reaction with a substrate. RNAscope ISH 

technology was used for the detection of mRNA sequences of the target cellular genes, 

and for PRV-1 this means any viral RNA. This technology is based on specific probes that 

can bind to 1000 bp of the target strand, which makes it very specific for target 

detection. The RNAscope ISH has enhanced the knowledge of PRV-1 localization in the 

tissues, by specific detection and characterization of infected cell types and cells in the 

vicinity of the infection. Being an expensive method compared to IHC, careful selection 

of the samples used for RNAscope ISH should be assured before staining.  

 

Formalin fixed paraffin embedded (FFPE) tissue blocks were made for the mapping of 

PRV-1 infected cell types by in situ hybridization assays.  The samples were originally 

fixed in formalin, but the formalin was exchanged with ethanol after approximately 24 

h to avoid inaccessibility to RNA by too much formalin induced protein-protein cross 

binding. The whole procedure requires cautious handling and staining of tissue sections 

with approximate thickness of 5 μm. In general, pre-treatment of the section is 

performed before hybridizing specific probes on the slide sections. It includes 
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incubation with hydrogen peroxide, target antigen retrieval reagent and protease plus 

that is performed to reduce background noise, initial blocking and give better 

permeability of sections, respectively. It is critical that specific tissue samples from 

different species should be incubated for different time durations, ranging from 15-45 

min variably, to get the optimum results. The Z structure of the probe is designed to bind 

the target strand in one end (Figure 24), whereas pre-amplifiers are attached to the 

upper end to enhance the signal amplification and make targets more visible under the 

microscope. 

 

 

Figure 24. Schematic of the RNAscope workflow steps for in situ hybridization method. Image source 

(186)  

5.3.1. Chromogenic ISH detection (singleplex & duplex) 

In our studies, we used different ISH versions based on chromogenic dyes that gave high 

contrast in the tissues better distinguished the target from background. Chromogenic 

based singleplex and duplex ISH assays that can detect one or two target genes 

simultaneously, respectively, were performed to study PRV-1 co-localization in infected 

tissues. Different amplification steps are involved in singleplex (Amp1-Amp6) and 

duplex (Amp1-Amp10) after hybridization of the probes. ISH was demonstrated to 

specifically detect PRV-1 RNA, but with heating as a part of the ISH procedure it was not 

possible to distinguish viral transcripts (ssRNA) and viral genomic dsRNA.  Ideal results 

of chromogenic dyes should be punctuated and dot-like. But it was observed that both 

in singleplex and duplex ISH, the alkaline phosphatase (AP) enzyme-based dyes can be 
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hazy, diffused or faint. Horseradish peroxidase (HRP) conjugated dye (green) showed 

relatively more punctuated pattern. This was observed in different organs with various 

types of target cell populations. Lymphoid organs, such as kidney and spleen, showed 

more hazy or diffused staining compared to the heart tissue (Figure 25).  

 

Figure 25. Chromogenic expression of ISH results. Singleplex ISH shows punctuated expression in (A) 

heart but more diffused in lymphoid organs of (B) kidney and (C) spleen. Duplex results showed diffused 

red dye staining compared to green dye both in (D) kidney and (E) spleen. 

 

Homogenous gene expression was also associated with punctuate staining pattern as it 

was observed that denser patches of staining could mask the other target in duplex 

procedures. It is possible that tissues with high levels of endogenous peroxidases have 

interfered with the staining pattern of the dyes, although incubation with hydrogen 

peroxide was done to reduce this. Nevertheless, specific cells could easily be detected as 

there was almost no background or other unspecific staining.  
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5.3.2. Multiplex fluorescent in situ hybridization (FISH) 

Fluorescent in situ hybridization assay was established at our lab to study co-

localization of PRV-1 with various cell populations in FFPE tissue samples. Up to four 

target sequences can be detected simultaneously and distinguished by the method we 

used. RNAscope probes which are designed for chromogenic detection works equally 

well for FISH detection, however they are labeled differently. Different fluorophores 

with excitation and emission wavelengths that can be distinguished, were used. 

Dilutions of fluorophores can be different depending upon the intensity of the signal, 

and this should be optimized between 1:750 to 1:3000 dilution. The procedure for each 

probe was optimized and blocked by probe developer and blocker reagents that inhibits 

cross binding of different fluorophores to the same probe. In comparison to chromogen 

based ISH, FISH produced sharper punctuated expression and specific detection, and 

was able to detect four targets in the same section, compared to two using chromogens. 

The FISH method is useful for the study of colocalization of multiple RNA targets, but it 

may reduce the overview of individual gene expression in the same section. Therefore, 

it is recommended that the chosen assay, i.e. single-, multiple-, chromogenic, fluorescent 

etc. should be optimized to the experimental design and hypothesis of the study. 

Moreover, it is not possible to see or overlay the histopathological view of the slide that 

limits the simultaneous evaluation of the target sample.  

5.4. Confocal microscopy 

 
Laser scanning via confocal microscope is an optical imaging technique that produce 

high optical resolution and contrast by using spatial pinhole to block unfocused light in 

the image formation. Signals were recorded from all hybridized probes assigned with 

different colors to differentiate from each other. Overlapping signals indicated co-

localization of PRV-1 in the targeted cell type. Different wavelengths in the light 

spectrum were assigned for each fluorophore used in FISH according to their excitation 

and emission ranges. For the removal of background generated by the excitation light, 

and to avoid coverslip reflection, gating was performed that defined the start and end of 

image acquisition in relation to the laser pulse. 
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6. Main conclusions 
 
This study has shed light on the characteristics of PRV-1 persistence in Atlantic salmon 

and helped to better understand disease pathogenesis of HSMI and melanized focal 

changes. 

 
PRV-1 establishes a productive and persistent infection in Atlantic salmon with plasma 

viremia. The plasma viraemia lasted throughout the experimental period of 18 weeks. 

The persistent phase is characterized by high viral transcription in erythrocytes but lack 

of detection of viral proteins. There was a homogenous expression of all genomic 

segments both in the acute and persistent phase. Infection kinetics in various visceral 

organs showed that kidney is the most active organ for viral transcription during 

persistent phase. MCSFR positive macrophages are one of the most frequently infected 

cells in kidney and spleen tissues. Moreover, PRV-1 also infects erythroid progenitor 

cells in the head kidney that could be a reservoir cell for persistent virus infection. 

 

This study showed that polarization of macrophages is associated with PRV-1 infection.  

M1 macrophages dominated in red spots, i.e. the precursor to the melanized spots and 

co-localized with PRV-1 to a large extent. Late phase of red spots indicated the 

transformation of red spot into a black spot and it was found that melanized M2 

macrophages entered the scene at this stage. The M2 phenotype was the dominating 

macrophage phenotype in black spots. There was no indication that a local PRV-1 

infection was the initial causative agent for black spot formation, but PRV-1 is associated 

with the development of the melanization. 

 

Macrophage polarization at peak phase of HSMI lesions was less prominent. There was 

a low level of M1 macrophages both in heart and skeletal muscle tissues, while a 

prominent presence of M2 macrophages in heart was evident. The latter could indicate 

high regeneration potential. Immune genes, e.g. MHC-1, CD8α, GzmA, involved in cell 

mediated response (Figure 26) showed a significant upregulation and there was a drop 

in PRV-1 level at the same time both in melanized focal changes and HSMI. 
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Figure 26. Illustration showing immunopathological responses initiated against PRV-1 infection. 

 

A vaccination challenge showed the protective potential of prior immunization of 

Atlantic salmon with PRV-3 against a consecutive PRV-1 infection. PRV-3 induced 

production of antibodies cross-reactive with PRV-1 σ1, and fully protected against HSMI 

lesions. This endorse a live attenuated vaccination approach.   
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7. Future perspectives 
 
 
Viruses are selected to best fit the environment of the host and the transition between 

hosts. The crossroad between farming of fish and wild fish regarding transmission of 

pathogens will be a part of aquaculture in the foreseeable future. Although the future 

production facilities may be different from the present, it is unlikely that they can 

become virus proof. Therefore, information is required as a basis for a proper evaluation 

of the consequences of PRV-1 transmission from aquaculture to the wild fish species and 

vice versa. It is essential, in the future, to optimize management including better 

immunization to minimize the interaction between wild and farmed fish. A virus may 

survive in its host for a long time if it replicates in the host’s cells in such a way that it is 

hidden from clearance by the immune response. In recent years, PRV-1 infection has 

been characterized to understand the pathogenesis of HSMI in Atlantic salmon. PRV-1 

gives long-term presence in the host Atlantic salmon, which indicates inefficiency of 

clearance by the specific immune response. HSMI, which is caused by PRV-1, is not a 

notifiable disease anymore, but nevertheless several outbreaks are reported every year 

and it is ranked as a serious disease problem by the industry itself. Moreover, the PRV-

1 association with development of black spots formation, may potentially signify 

another important economic aspect of PRV-1 in the Atlantic salmon farming industry.  

 

At present, there are fundamental knowledge gaps regarding the PRV-1 entry-exit 

mechanisms, at both the level of transmission between fish and viral entry mechanisms 

at the cellular level. If these knowledge gaps are filled it would significantly increase the 

understanding of infection, transmission routes and enhance control and vaccine 

development. Entry of viruses into host cells require binding to specific receptor(s). It 

would be important to identify the cell surface receptor(s) which enables PRV-1 to infect 

erythrocytes, cardiomyocytes, macrophages, and renal erythroid progenitor cells. 

 

PRV-1 causes plasma viremia in Atlantic salmon. This has been demonstrated in the 

present study by the findings of dsRNA genomic viral particles in plasma for at least 18 

weeks after challenge. This is far beyond the time the host fish uses to raise a specific 

antibody response against PRV-1. The viruses found in plasma are shed from infected 
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cells and the presence of virus in plasma indicate that an exact timeline when the fish is 

no longer infectious cannot be drawn. Nevertheless, estimating the duration of the most 

infectious period of the fish would be of practical significance. Similarly, it would be of 

interest to study if a low level, persistent PRV-1 infection could be revived to produce 

enough virus for the fish to become infectious. A simple question like “Does stress 

exposure of a persistently PRV-1 infected population cause shedding?” cannot be 

answered adequately today. 

 

PRV-1 does not cause anemia in Atlantic salmon, which indicates that the viral release 

from the infected erythrocyte include non-lytic egress pathways. However, the exit of 

naked viruses from a cell is generally known to be due to cell lysis. Moreover, viral 

protein detection is disappearing in plasma after the acute viral phase, as assessed by 

WB, indicating that the PRV-1 protein level in the persistent phase in the plasma was 

below the detection limit. Whether plasma PRV-1 is present as free viral particles or 

enclosed in extracellular vesicles or protected from specific antibodies by other 

mechanisms is not known. Further research is needed to study PRV-1 release 

mechanism and the nature of virus in plasma. It will be important to find out if there is 

a specific shutoff mechanism of viral protein translation, and eventually what these 

molecular mechanisms are.  

 

PRV-1 chronic infection is associated with black spots in white muscle of Atlantic 

salmon. However, not all PRV-1 infected fish develop black spots. The spots are 

characterized by severe necrosis and melanin production. The condition has not been 

reproduced experimentally by PRV-1 challenge, suggesting that host and environmental 

factors such as rapid growth, feed, physical injury, or unknown environmental factors 

may be involved. It is specifically observed that PRV-1 infection is associated with 

macrophage polarization, and this precedes the melanin production that transforms a 

red spot into a black spot. But it does not define PRV-1 as the initial cause, because non-

infected fish may also have macroscopic red and black spots. These spots, however, are 

histologically different from those of infected fish, i.e. the expressions “red” and “black” 

spots do not express specific entities. Melanin production are assessed as being a 

biological response to the macrophage inflammatory response against viral infections, 
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i.e. it can represent a protective wall against oxygen radicals. The present study showed 

a moderate cell mediated immune response in red and black spots as compared to the 

overwhelming CD8+ cell cytotoxic response in the HSMI diseased heart. Several 

hypotheses can be brought forward to explain this discrepancy in immune responses; it 

could be linked to differences between organs i.e.  heart versus white skeletal muscle; it 

could be due to acute versus chronic infection; it could be due to different PRV-1 variants 

involved in HSMI and spot formation.  

 
In the vaccination study, a successful immunization strategy using a live PRV-3 vaccine 

was tested out for Atlantic salmon. Although immunization with PRV-3 significantly 

blocked PRV-1 infection, there are many questions needed to be addressed before such 

an approach can be used in commercial farming. Will it be accepted to introduce the 

PRV-3 subtype to Atlantic salmon aquaculture as it can infect and replicate in Atlantic 

salmon for relatively long period of time? Furthermore, PRV-3 has been found to be 

pathogenic to rainbow trout and possibly to brown trout, and due to lack of cultivation 

in cell cultures the source for PRV-3 today is blood from an infected fish. Theoretically, 

immunization would be a huge benefit and save big economic losses for the industry if 

it can reduce the prevalence of severe melanized focal changes and HSMI. But on the 

other hand, such a procedure would impose a risk for rainbow trout farming and 

introduce an unknown risk for wild salmonids. PRV-3 is a virus naturally occurring in 

brown trout and the sea ranging form, sea trout, along the Norwegian coast. Therefore 

PRV-3 is not an exotic virus. Low virulent PRV-1 variants should also be tested out as 

live vaccines, at least against HSMI. However, this would require that the low virulent 

variants are not involved in the spot formation. Other vaccination approaches based on 

reverse genetics and subsequent production of variants with lack of pathogenic 

functions, recombinant vaccines or viral like particles (VLPs) should also be considered 

in the future. Vaccination may not be the only tool to reduce infection load. The use of 

selective breeding may be an alternative for increased host resistance, although such 

benefits could be of limited duration.    
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Abstract: Piscine orthoreovirus (PRV-1) can cause heart and skeletal muscle inflammation (HSMI)
in farmed Atlantic salmon (Salmo salar). The virus targets erythrocytes in the acute peak phase,
followed by cardiomyocytes, before the infection subsides into persistence. The persistent phase is
characterized by high level of viral RNA, but low level of viral protein. The origin and nature of
persistent PRV-1 are not clear. Here, we analyzed for viral persistence and activity in various tissues
and cell types in experimentally infected Atlantic salmon. Plasma contained PRV-1 genomic dsRNA
throughout an 18-week long infection trial, indicating that viral particles are continuously produced
and released. The highest level of PRV-1 RNA in the persistent phase was found in kidney. The level
of PRV-1 ssRNA transcripts in kidney was significantly higher than that of blood cells in the persistent
phase. In-situ hybridization assays confirmed that PRV-1 RNA was present in erythroid progenitor
cells, erythrocytes, macrophages, melano-macrophages and in some additional un-characterized cells
in kidney. These results show that PRV-1 establishes a productive, persistent infection in Atlantic
salmon and that erythrocyte progenitor cells are PRV target cells.

Keywords: PRV-1; piscine orthoreovirus; persistence; erythroid progenitor cells

1. Introduction

Marine farming of Atlantic salmon (Salmo salar) has become a major industry. Infectious diseases
pose a significant threat for intensive aquaculture, and pathogens produced in dense farmed populations
may be extensively released and be a threat for wild fauna [1]. Piscine orthoreovirus (PRV) is a virus
with ubiquitous presence in farmed Atlantic salmon in the final half of the marine grow out phase [2].
PRV can induce heart and skeletal muscle inflammation (HSMI) in Atlantic salmon [3,4], where the
major pathological changes are moderate to severe endo-, myo- and epicarditis and red skeletal
myositis and myonecrosis [5]. However, PRV can be present in Atlantic salmon without HSMI
lesions, indicating that factors related to virus strains, host, and environment including management
influence the outcome of the infection [5–8]. HSMI causes low to moderate mortality (0–20%), but the
number of HSMI outbreaks is high in some areas, leading to a significant effect on the Atlantic salmon
aquaculture industry.
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PRV belongs to the family Reoviridae, genus Orthoreovirus, which has a 10-segmented double
stranded RNA (dsRNA) genome enclosed in a double-layered protein capsid [9]. The genomic
segments are divided into three groups; long (L1-L3), medium (M1-M3) and small (S1-S4). Currently
there are three identified genotypes of PRV; some forms of PRV-1 causes HSMI in Atlantic salmon [4];
PRV-2 causes erythrocytic inclusion body syndrome (EIBS) in coho salmon (Oncorhynchus kisutch) [10],
and PRV-3 causes heart inflammation in Rainbow trout (Oncorhynchus mykiss) [11].

A number of studies addressing of PRV-1 have focused on the acute phase of infection, which
is characterized by infection of erythrocytes and cardiomyocytes, leading to the development of
HSMI [12]. Piscine erythrocytes are nucleated and particularly young salmonid erythrocytes contain
the transcriptional and translational machinery enabling virus replication [13]. In an experimental
challenge study of EIBS in coho salmon, inclusions appeared only in immature erythrocytes at an
early stage in the disease development [14]. The acute phase of PRV-1 infection in Atlantic salmon
erythrocytes occurs 4-6 weeks after virus exposure and lasts for approximately 1-2 weeks, after which
the virus protein load falls radically in blood cells, and the virus infection transfers into persistence [15].
The PRV structural and non-structural proteins, apart from a fragment of the structural protein μ1,
are below detection level after the acute phase [15]. On the other hand, the level of viral RNA in
blood cells does not drop accordingly; which indicates continuous viral transcription with partial
arrest of viral translation. Generally, farmed Atlantic salmon do not eliminate PRV-1, since viral
RNA can be detected in different tissues for at least 36 week post infection in experimental trials
(end of experiment) [2], and in blood for more than a year after challenge [16]. PRV-1 strains that
cause HSMI induce an innate antiviral immune response in erythrocytes in the acute phase of the
infection [17], while infection with PRV-1 strains from BC, Canada associated with lack of or mild clinical
signs and no elevated mortality and only a low antiviral transcriptional response in the host [8,18].
However, establishment of persistent infection, requires viral evasion of the innate immune response,
i.e., viral dsRNA must be shielded from dsRNA recognizing receptors [19]. Studies of the mammalian
orthoreovirus (MRV) have shown that genomic dsRNA is not exposed in the cytoplasm, as viral mRNA
transcription occurs within core particles [20]. New positive ssRNA strands are encapsidated before
they template the synthesis of negative strands to form the dsRNA genome [21]. Less information is
available for PRV replication, since all genotypes have resisted cultivation in fish cell lines, and most
studies have been performed in experimentally infected fish.

Persistent infections of PRV-1 in farmed Atlantic salmon represent a formidable reservoir of virus,
with estimated more than 400 million infected individuals per year in Norway alone. An experimental
trial indicated that fish persistently infected with PRV-1 do not continuously shed the virus, since PRV-1
was not transmitted to sentinel fish from persistently infected shedders at 59 weeks post challenge [16].
On the other hand, farmed fish may be immunosuppressed due to crowding, transportation, handling
and various treatments, possibly allowing the virus production to proceed. For example, fish persistently
infected with infectious pancreatic necrosis virus (IPNV), another dsRNA virus, have been found to be
intermittent virus shedders [22]. However, a recent study found that the prevalence of PRV in farmed
escapees (86%) was significantly higher than in wild salmon (8%), and did not find association between
salmon farming and prevalence of PRV infection in wild salmon [23].

In this study, we characterized the viral kinetics during the acute and persistent phase of PRV-1
infection in Atlantic salmon. PRV-1 establishes a persistent, low-activity, but productive infection
in Atlantic salmon. Using in situ hybridization techniques for cell-specific detection of PRV, PRV-1
persistence was mapped to the erythropoietic tissue of kidney, particularly to erythroid progenitor
cells, macrophages, melano-macrophages, and erythrocytes.
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2. Materials and Methods

2.1. Experimental Challenge

Atlantic salmon smolts, approximately of 200 g size at onset of experiment, were reared in tanks
at 40 kg/m3, supplied with particle filtered and UV treated seawater at 12 ◦C ± 1 ◦C, 34 %� salinity
and 24-hour daylight regime. The fish originated from broodstock found negative by RT-qPCR for
infectious salmon anemia virus (ISAV), salmonid alphavirus (SAV), infectious pancreatic necrosis
virus (IPNV) and PRV. The study population was tested and found negative for these agents before
recruitment to the experiment. The PRV-1 NOR2012 isolate was used as challenge material, an isolate
that originated from an HSMI outbreak in 2012 and that has been repeatedly used in experimental
infections reproducing HSMI [4]. The inoculum consisted of pelleted blood cells diluted in PBS. It was
administered by intraperitoneal (i.p.) injection using 0.1 mL per fish to ensure a defined time point of
infection (n = 42). Control group of uninfected fish (n = 42) were kept in a separate tank. The fish were
anesthetized by bath immersion in benzocaine chloride (2–5 min, 0.5 g/10 L) prior to handling, and
euthanized using overdose of benzocaine chloride (1 g/5 L). Sampling (n = 6) was done every third week
by harvesting heart, spleen, kidney, skeletal muscle and blood cells in RNAlater™ (Thermo Fischer
Scientific, Waltham, MA, USA) and in formalin until termination of the study at 18 weeks post challenge
(wpc). Plasma was collected from the blood samples. The sampling intervals reflect a focus on the
persistent phase and not the viral peak or eventual development of histopathological lesions typical
of HSMI.

2.2. Ethics Statement

An experimental challenge with PRV-1 was performed at the VESO Vikan research facility
(Namsos, Norway), in compliance with the regulatory requirements by Norwegian Food Safety
Authority, EU Council Directive 2004/10/EC and Guidelines to Good Manufacturing Practice by
European Commission Directives 2003/94/EC and 91/412/EC. The Norwegian Food Safety Authority
(NFDA) according to the European Union Directive 2010/63/EU for animal experiments approved the
experiment (use protocol V3740).

2.3. RNA Isolation

Total RNA was isolated from pelleted blood cells (20 μL), spleen and kidney samples (25 mg) by
using QIAzol Lysis Reagent (Qiagen, Hilden, Germany), TissueLyser II (Qiagen) with 5 mm steel beads
for 2 × 5 min at 25 Hz followed by chloroform addition and collection of the aqueous phase. RNeasy
QIAcube Kit (Qiagen) was used for automated RNA isolation of the aqueous phase as described
by manufacturer. RNA was quantified in a NanoDrop ND-100 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). For cell free samples (plasma), 10 μL plasma was diluted in 130 μL PBS
and QIAamp Viral RNA Mini QIAcube Kit (Qiagen) used according to the manufacturer instructions.
Isolated RNA was eluted in 60 μL RNase-free water and stored at −80 ◦C until further use.

2.4. RT-qPCR

For transcription analysis of the individual PRV segments, cDNA was synthesized from 1 μg RNA
of spleen tissue and blood cells using Quantitect Reverse Transcription Kit (Qiagen) with genomic
DNA elimination (Qiagen) following the manufacturer’s instructions with prior denaturation of RNA
at 95 ◦C for 5 min. Quantitative PCR was performed using 15 ng cDNA input in a total reaction volume
of 12 μL and Maxima SYBR Green/ROX qPCR Master Mix (2X)-K0253. qPCRs were run with initial
denaturation for 10 min/95 ◦C and 40 cycles of 15 sec/95 ◦C, 30 sec/60 ◦C and 30 sec/72 ◦C. Cut-off value
was set to Ct 34. Specificity of assays were confirmed by melting point analysis, and all samples were
run on the same plate with positive and no template controls (NTC). Elongation factor (EF1α) was
used as reference gene and its expression in spleen and blood cells for the individual fish is showed
in Figure S1.
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For PRV S1 segment, one-step RT-qPCR assay was performed for blood cells and kidney samples
using Qiagen OneStep kit (Qiagen) with 100 ng (5 μL of 20 ng/μL) RNA per reaction, or purified RNA
from 5 μL plasma, in duplicates of 12.5 μL total reaction volume. RNA was used both with and without
a prior denaturation step, i.e pre-heating at 95 ◦C of the template to evaluate ratio between genomic
dsRNA and single stranded transcripts [8]. Cycling parameters were 30 min/50 ◦C, 15 min/95 ◦C,
40 cycles of 15 sec/94 ◦C, 30 sec/60 ◦C and 30 sec/72 ◦C. Samples were run in duplicates and cut off
value was set to Ct 35 [3]. Analyses were based on mean Ct-value of six fish per group per sampling.
Sequences of probes and primers, and specific concentrations are listed in Table 1. Primer sequences
were designed by software MEGA version 7.0 and open source primer-3 applications.

Table 1. Primer and probe sequences (5′-3′) for various PRV gene segments.

Target (PRV) Primer/Probe Concentration Sequence (5′-3′)

L1
Fwd

400 nM
CGCACTCCCACAGATACAGTTC

Rev CGCGAGGTGTTACGTATTGTGA

M2
Fwd

400 nM
AGACTGGGAAGATCGTTGCTTT

Rev ATGCGTCTTGTTGAGTGTAGGT

M3
Fwd

400 nM
GGCCTGCATTGTGTCAACGT

Rev TGCGTTCAAGGTCGTCGTCA

S1 [12]
Fwd 400 nM TGCGTCCTGCGTATGGCACC
Rev GGCTGGCATGCCCGAATAGCA

Probe (FAM) 300 nM ATCACAACGCCTACCT

S2
Fwd

400 nM
ATCAATGGCTTCGCTCTTCCTCTCTT

Rev TCTATATCCATTGCCGCATTTCCAGC

S3
Fwd

300 nM
AGCATCCTCACCATTTCCAAGCACTT

Rev AGAGGCACGATACACTAGAGCTTGA

EF1 α [24] Fwd
300 nM

TGCCCCTCCAGGATGTCTAC
Rev CACGGCCCACAGGTACTG

2.5. Data Analysis

RT-qPCR data was analyzed and graphically laid out with Graphpad Prism version 8.1.1 (Graphpad
Software Inc., La Jolla, CA, USA). Statistical analysis was performed to measure PRV genomic segment
expression, ratio of PRV genomic segments and viral transcripts in tissue and ratio of ssRNA viral
transcripts level in blood cells and kidney by applying Wilcoxon matched-pairs signed rank test,
and p-values of p ≤ 0.05 were considered as significant.

2.6. Western Blotting

Heparinized blood cell pellets from the experimental PRV-1 challenged Atlantic salmon were
used for virus protein expression analysis in western blotting (WB). Heparinized blood from PRV-1
infected and uninfected fish from a previous challenge trial were used as positive and negative controls,
respectively [3]. For each sample, 15 μL blood pellet was added to Nonidet-P40 lysis buffer containing
complete ultra mini protease inhibitor cocktail (1:5) (Roche, Mannheim, Germany) and incubated for
30 min on ice. After centrifugation at 5000× g for 5 min, the supernatant was diluted with DEPC treated
water (1:5) and mixed with XT sample buffer and XT reducing agent (Bio-Rad, Hercules, CA, USA) and
boiled at 95 ◦C for 5 min. PRV proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), using 4–12% criterion XT bis-tris gel. TransBlot Turbo (Bio-Rad) for 20 min
at 15 V transferred proteins to polyvinylidene fluoride (PVDF) membranes (Bio-Rad). The membranes
were incubated at 4 ◦C overnight using polyclonal rabbit sera anti-σ1 and anti-μ1C diluted 1:500; [24].
Rabbit anti-actin (Sigma-Aldrich, St. Louis, MO, USA) was used to standardize the amount of protein
added to the blots. Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (1:20,000) (Amersham,
GE Healthcare, Buchinghamshire, UK) was used as secondary antibody. For immune detection,
Clarity Western ECL Substrate kit (Bio-Rad) was used along with Precision Plus Protein™ (Bio-Rad)
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as molecular weight ladder. Images were developed by ChemiDoc XRS+ System and ImageOne
software (Bio-Rad).

2.7. In-Situ Hybridization (ISH)

RNAscope® (RED) 2.5 HD Detection Kit (Advanced Cell Diagnostic, Newark, CA, USA) was used
for RNA-ISH, following the instructions of the manufacturer. Paraffin embedded tissue sections (5 μm)
of spleen, kidney and heart from PRV-challenged fish with lowest Ct values from each sampling were
dewaxed at 60 ◦C for 90 min in ACD HybEZ™ II followed by hydrogen peroxide for 10 min incubation
at room temperature. Samples were boiled in RNAscope target antigen retrieval reagent for 15 min
and each section was incubated with RNAscope protease plus at 40 ◦C for 15min in HybEZ™ oven.
Each section was hybridized by RNAscope probe (Table 2) designed against PRV-1 genome segment
L3 (Advanced Cell Diagnostics catalog number-537451), that encodes inner capsid protein (helicase)
for 2 hrs at room temperature. Probe targeting Peptidylpropyl Isomerase B (PPIB) in Atlantic salmon
(Advanced Cell Diagnostics, catalog number-494421) was used reference target gene expression to test
for RNA integrity in the samples. As negative control, probe-DapB (Advanced Cell Diagnostics catalog
number-310043) were used to evaluate cross reactivity (Figure S2). Fast Red chromogenic substrate was
used for detection of signals amplified following manufacturer’s instructions. Counterstaining was
done with 50% Gill’s hematoxylin solution and mounted with EcoMount (BioCare Medical, Pacheco,
CA, USA). Imaging was performed by bright field microscopy (Carl Zeiss Light Microscopy System
with Axio Imager 2 (Carl Zeiss AG, Oberkochen, Germany). Fish injected i.m. (n = 42) with heat
inactivated (85 ◦C, 20 min) PRV-1 infected erythrocytes were used as control fish (Figure S5).

Table 2. Target and control probes for in situ hybridization.

Probe Channel ** Accession no. Target Region (bp)

Target
PRV-L3 C1 KY429945 415–1379
MCSFR C2 NM_001140235 434–1425
EPOR C2 NM_001140235 764–1754

Control
PPIB * C1 NM_001140870 20–934
DapB * C1 EF191515 414–862
DapB * C2 EF191515 414–862

* Controls shown in Figure S3 ** Channel is a spectral attribution of the probes, which gives specific output with
different amplification and detection systems.

2.8. Duplex In-Situ Hybridization

RNAscope® 2.5 HD Duplex Detection Kit-Chromogenic for simultaneous detection of two RNA
targets (Advanced Cell Diagnostics) was used for kidney and spleen samples. Probes for PRV-1 segment
L3 was combined with probes for macrophage colony stimulating factor (MCSFR) (Advanced Cell
Diagnostics catalog number-557811) or erythropoietin receptor (EPOR) (Advanced Cell Diagnostics
catalog number-561741) (Table 2). Additional amplification steps were applied (Amp1-Amp10) for
the duplex assay according to manufacturer’s instructions. Signals were detected by using Green
substrate specific for HRP conjugated probes and Fast Red for Alkaline phosphatase (AP) conjugated
probes. Each slide was counter stained with 50% Gill’s hematoxylin staining solution and mounted
with VectaMount (Cat. No: H-5000, Vector Labs, Burlingame, CA, USA).

3. Results

3.1. PRV-1 Segments Have Similar Expression Pattern

The segment expression levels, judged through Ct values, were very similar as assessed in a time
course study of PRV-1 infection (0–18 weeks). RNA levels of various PRV-1 segments in blood and
spleen were mapped in order to investigate potential differential expression pattern of the segments
in the acute and persistent phases of infection. The analysis targeted the genomic segments L1, M2,



Viruses 2019, 11, 824 6 of 19

M3, S1, S2 and S3; and individual fish with a low number of L and M segment copies, also had low
number of S segment copies (Figure 1). In blood cells, the amount of PRV-1 RNA levelled out from
6 wpc towards the end of the study (18 wpc) (Figure 1A,B). In spleen, peak PRV RNA load for all
segments was reached at 6 wpc, followed by a gradual reduction in viral RNA (Figure 1C,D). Figure 1E
shows the difference in the PRV-1 RNA loads in blood, i.e., levelling out from 6 wpc, versus that of
spleen, i.e., a more gradual reduction. PRV segment expression levels were not significant different.
PRV-1 was not cleared from any of the sampled fish, but at 18 weeks the PRV RNA level varied more
between individual fish compared to the preceding samplings (Figure 1).

  

 

 

 

Figure 1. Expression analysis of PRV-1 segments and transcripts. qPCR detection of segment L1, M2,
M3, S1-S3 and corresponding transcripts in blood cells (A,B) and spleen (C,D) from Atlantic salmon.
Individual fish shown as dots, and mean Ct value-PRV as lines. n = 6 for each point. (E) S1 as a
representative for PRV genomic segments expression between blood cells and spleen. Paired analysis
was performed by non-parametric Wilcoxon matched pairs signed rank test (p < 0.05), asterisk (*)
indicates significantly different group. wpc =weeks post challenge.
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3.2. Viral Genomic RNA Versus Viral Transcripts

Genomic dsRNA levels were higher in both blood cells and kidney than PRV transcripts at each
time point of the experiment (Figure 2A,B). Isolated RNA with or without prior denaturation before
cDNA synthesis was used in qPCR to estimate the ratio between viral genomic dsRNA and ssRNA
transcripts, where the dsRNA will make up the difference between denatured and non-denatured
RNA (Table S1). At the peak of infection at 3 wpc, ssRNA viral transcripts levels were high in blood
cells and ΔCt value between denatured and non-denatured was 1, i.e., ssRNA made up approximately
50% of the viral RNA (Figure 2A). For the samples from 6 wpc onward the ΔCt between denatured
and non-denatured RNA was on average −4 for blood cells. It indicated that the viral genomic dsRNA
level was approximately 16 fold higher, or that ssRNA made up approximately 6% of the viral RNA in
blood cells (Figure 2A, Table S1A). Paired data analysis showed significantly high levels of ssRNA
PRV transcripts in blood cells during acute phase i.e 3wpc, and in kidney during persistent phase
(9 wpc–18 wpc) of infection, when compared to each other (Figure 2D). The ssRNA level in kidney
was higher during persistent phase indicating active transcription and viral activity in this organ.
In plasma, viral ssRNA transcripts were detectable at the viral peak at 3 wpc, but not thereafter
(Figure 2C, Table S1C), while PRV-1 genomic dsRNA was present in plasma throughout experiment
(Figure 2C). However, at 9, 15 and 18 wpc the dsRNA could not be detected in 2-3 out of six fish.

3.3. Low Level of PRV-1 Protein Synthesis in the Persistent Phase

Western blotting did not detect expression of PRV σ1 and σ3 proteins in blood cells in the persistent
phase. Samples from fish with high loads of viral RNA, collected from the acute phase of infection
at 3 wpc and 6 wpc, were compared to samples from the persistent phase of infection at 15 wpc and
18 wpc (two fish per time point). σ1 specific bands (34.6 kDa) were only detected in samples from
3 wpc. Similarly σ3 specific bands (approximately 35 kDa) were also observed, but bands were not
stronger than negative control thereafter (Figure 3).

3.4. Tissue Localization of PRV-1 in the Acute Phase

In situ hybridization targeting PRV was performed on 3 samples from individual fish from each
time point, 3 wpc and 6 wpc representing the acute and early persistent phase, respectively, and 9 wpc
and 18 wpc representing the persistent phase. PRV demonstrated of tissue specific localization in heart,
spleen and kidney.

 
Figure 2. Cont.
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Figure 2. PRV-1 dsRNA and ssRNA levels. Mean Ct-values of RT-qPCR (PRV-S1) for (A) Blood cells,
(B) Kidney and (C) Plasma. RNA was pre-heated (red dots) or not (green dots), indicating presence of
viral dsRNA plus ssRNA transcripts or ssRNA PRV transcripts only, respectively. n = 6 for each time
point. Statistical analysis between denaturated and not-denaturated samples from the same RNA was
performed by non-parametric, Wilcoxon matched pairs signed rank test. Asterisk shows significantly
high level (* p < 0.05) (D) Paired analysis of ssRNA Ct-values (Table S1) of kidney compared to blood
cells in persistent phase (9 wpc -18 wpc). Each dot shows mean Ct-value at each time point. Statistical
analysis was performed by non-parametric, Wilcoxon matched pairs signed rank test (p < 0.05), asterisk
(red/blue) indicates significantly different group.). wpc =weeks post challenge.

In heart, PRV-1 was not detected at 3 wpc (Figure 4A). At 6 wpc, numerous cardiomyocytes in the
spongy layer (stratum spongiosum) of the heart ventricle showed abundant viral staining, whereas a
few positive cells in the inner part of compact layer (stratum compactum) (Figure 4B) and a few positive
erythrocyte-like cells or infiltrating macrophage-like cells were present in the epicardium.

Figure 3. Low levels of PRV proteins in the persistent phase. Detection of outer PRV-1 capsid proteins
σ1 and σ3 in blood cells from 3–18 weeks post challenge (wpc) by western blotting. Ct values in lower
row. Actin (42 kDa) was used as a protein load control. Blood cells from uninfected fish used as negative
control. Positive control sample from a fish having Ct value of 17.1 and significant σ1 protein level [15].

In spleen at 3 wpc, some erythrocytes, melano-macrophages and cells with macrophage-like
morphology (“macrophage-like cells”) were positively stained (Figure 4C). At 6 wpc PRV-1 was
localized in large number of erythrocyte-like cells in the spleen. These cells had aberrant shape or signs
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of damage. Red pulp contained primarily PRV-1 positive cells. Clusters of PRV-1 positive macrophage-
and erythrocyte-like cells were scattered throughout the tissue (Figure 4D).

 
Figure 4. PRV-1 localization in the acute phase. PRV-1 localization shown by in situ hybridization (red)
at 3 and 6 wpc. Heart (A,B): A, (3 wpc), no PRV detection. B, (6 wpc), PRV positive cardiomyocytes in
compact layer (orange arrows) and a few positive erythrocytes or infiltrating macrophage-like cells
were present in the epicardium and scattered PRV staining in the spongy layer of the heart ventricle
(black arrows). Spleen (C,D): C, (3 wpc), few PRV-1 positive RBCs (dotted circle) and macrophage-like
cells (orange arrows). D (6 wpc) shows a large number of positively stained cells in the red pulp (RP)
area. Dotted circle in magnified version in upper right corner shows cluster of cells with erythrocyte-
and macrophage-like morphology. Kidney (E,F): E, (3 wpc) shows a few PRV-1 positive cells (orange
arrow), primarily macrophage-like cells. F, (6 wpc), a high number of PRV-1 positive macrophage-like
cells (black arrow) along with melano-macrophages (orange arrow) were found in peritubular regions
of the kidney. Scale bar = 200 μm.
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In kidney, primarily cells morphologically assessed as macrophage-like and in melano-macrophages
stained PRV-1 positive. At 3 wpc, only a few positive cells were identified (Figure 4E). At 6 wpc, several
PRV-1 positive macrophage-like cells and melano-macrophages were found in the peritubular regions
of the kidney (Figure 4F).

3.5. Tissue Localization of PRV-1 in the Persistent Phase

PRV-1 gradually cleared from the heart in the persistent phase. Few PRV-1 positive cells were
visible in the stratum compactum at 9 wpc and 12 wpc, as some positive cardiomyocytes were still
detected (Figure 5A and Figure S4).

 

Figure 5. PRV-1 localization during the persistent phase. PRV-1 localization shown by in situ
hybridization (red) at 9 and 18 wpc. Heart (A,B): A, (9 wpc) A small number of cells in the compact
layer stained positive for PRV-1 (orange arrow), and similarly faintly in a few macrophage-like cells
in the in the luminal space of the spongy layer (black arrows) and some circulatory cells, near blood
vessel (dotted square and magnified image). B, (18 wpc) Very few cells were positive for PRV-1 with
the exception of (i) some positive cardiomyocytes in the spongy layer (dotted square) or (ii) peripheral
blood in the heart (dotted square). Spleen (C,D): C, (9 wpc) numerous PRV-1 positive cells in red
pulp. D, (18 wpc) A few PRV-1 positive macrophage-like cells (orange arrow) and erythrocyte like
cells (dotted circle). Kidney (E,F): E, (9 wpc) PRV-1 present in macrophage-like cells (black arrow) and
melano-macrophages (orange arrow). F, (18 wpc) PRV-1 positive erythrocytes and macrophage-like cells
throughout the section (orange arrows) and in blood vessels (magnified picture). Scale bar = 200 μm.
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Moreover, peripheral blood in the heart contained PRV-1 positive circulatory cells (Figure 5B).
Putative PRV staining was very low in the heart at 18 wpc compared to spleen and kidney. In spleen,
the number of PRV-1 positive cells gradually dropped during persistence. At 9 wpc there were
still a large number of positive cells in the red pulp, while at 18 wpc the number of positive cells,
i.e., macrophage-like cells and damaged erythrocytes, was moderate (Figure 5C,D). In kidney, there
was also a decrease in virus positive cells over time, but positive macrophage-like cells and erythrocytes
in the blood vessels was consistent during the persistent phase (Figure 5E,F). Many PRV-1 positive
cells were present in the hematopoietic portion of the kidney (Figure 5E,F).

3.6. Characterization of the PRV-1 Infected Cell Populations in Kidney and Spleen

In situ hybridization against macrophage colony stimulating factor (MCSFR) defined macrophages
in the PRV-1 infected population. Co-localization of PRV-1 and MCSFR transcripts in kidney and
spleen revealed a few double stained macrophages and melano-macrophages in both the peak phase
(6 wpc) and persistent phase of infection (15 wpc and 18 wpc) (Figure 6).

The red dye defining MCSFR mRNA expression, presented as diffuse staining, which was different
from the punctuated staining of green dye. However, the background (Figure 6C,E), was free of the
diffuse staining, demonstrating the specificity of the MCSFR staining. Similar diffuse staining with the
red dye when applied no kidney and spleen tissue of Atlantic salmon has been observed earlier [25].
PRV-1 localized to some MCSFR positive macrophages; however, this was not the dominating cell
type that stained positive for virus. In spleen, the expression of MCSFR dropped after the peak phase,
but a few MCSFR positive macrophages, melano-macrophages, erythrocytes and other cells were
PRV-1 positive.

In situ hybridization against erythropoietin receptor (EPOR) defined erythroid progenitor cells in
the PRV-1 infected population. Co-staining of EPOR transcripts and PRV-1 in kidney detected some
double positive cells (Figure 7). The red dye designating EPOR also gave a diffuse staining, but there
was no diffuse staining of the background, demonstrating the specificity of the EPOR staining (Figure 7,
inserts). These cells were mainly located in the haematopoietic tissue of the kidney in both the acute
and persistent phase. Although both MCSFR and EPOR positive cells were PRV infected, they were
not the only infected cell types, as other cell types in kidney and spleen, morphologically resembles
macrophage-like, but not staining positive for MCSFR or EPOR, also stained positive for PRV-1.
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Figure 6. PRV-1 (green) localization in macrophages and melano-macrophages. Duplex in situ
hybridization against PRV-1 and macrophage colony stimulating factor (MCSFR) (red). Kidney (A,C,E)
and Spleen (B,D,F), showing PRV positive macrophages (red arrows) and melano-macrophages (red
arrowhead) at 6 wpc, 15 wpc and 18 wpc. The use of red dye in salmon kidney sections in duplex in situ
gave diffuse staining of positive cells (no background staining). The diffuse staining was different from
the punctate staining seen in single in situ, or the use of green dye in duplex in situ. PRV-1 is also
positive in other cell types in the sections. Scale bar = 50 μm.
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Figure 7. PRV-1 localization in hematopoietic cells. Duplex in situ hybridization against PRV-1 (green)
and erythropoietin receptor (EPOR) (red). Kidney (A) Acute phase, dually stained PRV/EPOR positive
cells in hematopoietic tissue in the magnified picture. (B,C) Persistent phase, dually stained EPOR-PRV1
positive cells in hematopoietic tissue scattered around in the kidney (magnified pictures). Cluster of
partially stained positive erythroid cells at 15 wpc (dotted circle). The use of red dye in salmon kidney
sections in duplex in situ gave diffuse staining of positive cells (no background staining). The diffuse
staining was different from the punctate staining seen in single in situ, or the use of green dye in duplex
in situ. Scale bar = 50 μm.

4. Discussion

PRV-1 causes an acute infection of Atlantic salmon erythrocytes, and during the peak of the
infection, the virus also infects cardiomyocytes [18,26]. A few weeks later, the pathological changes
characteristic for HSMI develop in the myocardium, and subsequently heal. After the heart lesions
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have healed, PRV infection becomes persistent. In this study, we focused on the kinetics and cell
tropism of PRV-1 in the persistent phase of the infection. Since PRV-1 infects erythrocytes also during
persistence [16], the virus can be detected by RT-qPCR in any vascularized organ. However, the kidney
consistently contained proportionally high levels of PRV transcripts compared to blood cells in the
persistent phase, and thus represent the major reservoir of infected cells and potential site of virus
production during persistence.

The PRV-1 RNA level in the blood cells stayed moderately stable in the persistent phase while
the PRV-1 RNA level gradually dropped in spleen. It was only minor differences in the expression
level of the different genomic segments. In the persistent phase, the dominating target was genomic
dsRNA and the viral ssRNA transcripts only made up approximately 6% of total RNA. In a recent
study of a Canadian PRV-1 isolate, the viral ssRNA represented 0.1–0.7% of the total PRV-1 RNA
load in the persistent phase [8]. In the acute phase, i.e., at 3 wpc, the ssRNA fraction constituted
approximately 50% of total viral RNA in blood cells, indicating a highly active viral transcription
during early infection.

In contrast to PRV-1 RNA, PRV-1 proteins were detectable in blood cells only in the acute phase,
in line with earlier findings [15]. The limited virus protein expression after the primary acute infection
phase contrasts the continuous high level of PRV-1 RNA. For mammalian reoviruses, the virus protein
expression is halted as a result of a partial block in the translational activity of the cell [27]. This effect
is caused by the innate antiviral response, and linked to phosphorylation of the alpha subunit of
eukaryotic translation initiation factor 2 (eIF2α), executed by the viral dsRNA activated protein kinase
(PKR) [28,29]. This can lead to a translationally inactive state of the cell [30].

Viral dsRNA, i.e., genomic viral RNA indicating the presence of intact viral particles, was detected
in plasma at all phases of infection. Although the dsRNA level of some individual plasma samples
at 9, 15 and 18 wpc were below the detection limit, the average level of viral dsRNA in plasma of
the sampled groups was remarkably stable at 9 wpc and 18 wpc. This indicates a continuous virus
production and shedding into the circulation. Previously, PRV-1 has been found at high levels in
plasma in the acute phase, simultaneous with high viral loads in the blood cells [12]. Our findings
of virus in plasma, both in the acute phase and in the persistent phase oppose the previous results
from an experiment where two PRV-1 isolates from Canada were administrated to Atlantic salmon.
In that particular study, virus was not detected in plasma at any sampling point [8]. However, there
is a marked phenotypic difference between the PRV-1 strains used in these experiments. In our
experiment, we used the PRV-1 NOR-2012 isolate, which originates from a field HSMI outbreak,
and has repeatedly been used in experimental infections that reproduce HSMI [4,17,31,32]. On the
other hand, in laboratory-based studies in farmed Atlantic salmon with Canadian PRV-1 isolates are
not associated with HSMI-like lesions [16], while in field, cardiac inflammation and mild clinical
signs have been reported in one farm [18]. This could suggest a relationship between the ability to
produce plasma viremia and induction of HSMI. For the Canadian PRV-1 isolates, the lack of detectable
virus in plasma [8] could indicate that the PRV-1 infection of erythrocytes does not primarily take
place in blood. If erythroid progenitor cells continuously generate new PRV-1 infected erythrocytes,
this would be an ideal long-term reservoir for PRV. Salmonid erythrocytes, like all non-mammalian
vertebrate erythrocytes, are cells with nucleus and organelles, and young salmonid erythrocytes are
more transcriptionally active than older cells [13]. In line with this, an experimental challenge with
EIBS in coho salmon, performed two decades before PRV-2 was described as the etiological cause of
EIBS in coho [10], found viral inclusions preferably in young erythrocytes early in the course of the
disease [14]. However, in ex vivo systems erythrocytes are susceptible to infection with PRV-1, or at
least the HSMI inducing variants of PRV-1 [12].

The salmon immune response is not able to clear the PRV-1 infection, and does not stop PRV-1
from circulating in plasma. However, this does not imply a continuous shedding of infectious virus to
the external environment. For the Canadian PRV-1 isolates that do not induce plasma viremia; sentinel
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fish were not infected when placed in the tank with persistently infected fish, 41 weeks after initial
exposure [16].

IgM is the dominating Ig class in salmonid plasma, and virus neutralizing activities of plasma,
designated to IgM, has been demonstrated for several viruses [33]. Formation of PRV-specific plasma
IgM after infection has been demonstrated, and the peak antibody production corresponded in time
with a decrease in myocardial inflammation [34]. Lack of functional antibodies has been reported
for infectious pancreatic necrotic virus (IPNV) both in acute and persistent infections, with moderate
presence of neutralizing antibodies only in fish with low degree of clinical signs [35]. Splenic ellipsoids
are specialized to remove any immune complexes from salmon plasma [36], but the low level of virus
in spleen in this phase, indicate that eventual virus-IgM complexes are not readily removed in the
persistent phase. Just after the peak phase of infection in blood cells, PRV-1 RNA loads in spleen
exceeded levels in blood cells, in line with earlier findings [12]. This corresponded to the in situ
observations that most of the PRV-1 positive cells were trapped in red pulp of the spleen in the acute
phase. Viral RNA loads in spleen gradually dropped after the peak infection phase as demonstrated
by both RT-qPCR and in situ hybridization.

It could be speculated that PRV-1 in plasma is present as free viral particles or carried by
extracellular vesicles, which are increasingly recognized for both intra- and inter-organism transmission
for viruses [37,38]. Vesicle coating of rotaviruses are found to increase fecal-oral transmission [38].
Rotaviruses also belong to the family Reoviridae, and the fecal-oral route is considered a transmission
pathway for PRV-1 [39] as well as for mammalian orthoreovirus [40]. If RNA viruses bud through cell
membranes in extracellular vesicles, this could shelter the virus from antibody detection [41,42].

PRV-1 RNA levels in the persistent phase, as assessed by qPCR, were higher in kidney and spleen
compared to blood and plasma. This was reflected by in situ staining of PRV in macrophage-like cells,
in melano-macrophages, as well as in erythrocytes present in kidney and spleen. PRV-1 has been
suggested earlier to infect macrophage-like cells in kidney and spleen based on a Canadian study of
a field outbreak of HSMI [25]. Our data could indicate that PRV specifically target these long living
immune cells, however, macrophage-like cells may stain because they actually phagocytize infected
erythrocytes, as usually occurs in the spleen. Numerous macrophages and melano-macrophages
are present at antigen trapping sites in kidney and spleen [36,43]. Melano-macrophages have
earlier been demonstrated to be PRV target cells in Atlantic salmon [44]. Similar to all vertebrates,
the survival, proliferation, differentiation, and functionality of bony fish macrophages are governed
by macrophage-colony-stimulating factor, MCSF [45]. MCSF mediates its effects through a high
affinity transmembrane receptor, the MCSF receptor (MCSFR) [46], which served as the macrophage
identification marker in this study. The MCSFR expressed as reported both on myeloid precursors
and derivative macrophage population in teleost fish [45], while other reports have claimed that
MCSFR is specific to the macrophage population [47]. The MCSFR has been used to characterize
monocytes/macrophages in Atlantic salmon [48], and stimulation with MCSFR has been found to
enhance antimicrobial and phagocytic responses of macrophages in fish [45,49]. In mammals, MCSFR
positive cells have been associated with an anti-inflammatory or immunosuppressive M2 macrophage
population [50,51]. Duplex in situ hybridization demonstrated that some MCSFR positive cells in
kidney and spleen are target cells for PRV-1. In an earlier study, using an antiserum against the
non-structural viral protein μNS present only during viral replication [52], macrophage-like cells
were associated with PRV replication [53]. Avian orthoreoreovirus (ARV), which also belongs to the
Orthoreovirus genus, replicates in macrophages, and virulent ARV strains have shown enhanced
ability to replicate in such cells [54].

Our study revealed that a number of additional so far un-characterized cell types, particularly in
the erythropoietic tissue in the kidney, also stained positive for PRV-1. This encouraged us to use duplex
in situ hybridization staining for the erythroid precursor cells together with PRV-1. Erythropoietin
(EPO) plays a pivotal role in erythropoiesis by signaling through the specific erythropoietin receptor
(EPOR) [55]. We found many EPOR positive cells in kidney stained positive also for PRV-1, suggesting
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there might be co-localization. This could indicate that the erythropoietic precursor cells were permissive
to PRV-1, but future studies are required to elucidate this further. In fish, EPO is primarily produced
in heart and transported to erythropoietic sites through blood [56], and triggers erythroid precursor
cells to differentiate and proliferate into erythrocytes [57]. Despite of distinct differences between
mammalian and teleost red blood cells, these functions are quite conserved [58]. Zebrafish (Danio rerio),
have erythroid progenitor cells only in kidney [59], while in rainbow trout (Oncorhynchus mykiss) and
European perch (Perca fluviatilis), spleen acts as additional organ for erythropoiesis [60]. In Atlantic
salmon, an elevated level of EPOR expression in spleen suggests mobilization of early progenitors
to cope with an anemic condition [61]. We found cells staining positive for PRV-1 in the tubular part
of the kidney, but the dually stained EPOR and PRV-1 interstitial cells were primarily found in the
hematopoietic centers. It could be speculated that these cells are involved in long-term infection of the
host and contribute to generation of new PRV-1 infected erythrocytes.

Notably, in situ localization of PRV-1 RNA in different tissues illustrates a change in infection
pattern when the infection moves into the persistent phase. Although high loads of PRV in heart is a
hallmark of HSMI, PRV-1 levels in heart drops significantly during the persistent phase. On the other
hand, viral RNA load is particularly high in kidney in the late persistent phase, indicating a shift in
viral tissue tropism as the infection proceeds. This is in line with previous reports where tissue tropism
was explored with qPCR methodology [4,12].

5. Conclusions

Taken together, this study describes the persistent phase of PRV-1 infection in Atlantic salmon
and identifies cell types functioning as viral reservoirs. This work also identifies possible mechanisms
of importance for PRV-1 persistence that can aid the understanding of PRV infection, possible viral
recurrence and potential long-term effects of the infection.
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PRV-1 Infected Macrophages
in Melanized Focal Changes in
White Muscle of Atlantic Salmon
(Salmo salar) Correlates With a
Pro-Inflammatory Environment
Muhammad Salman Malik1, Håvard Bjørgen2, Ingvild Berg Nyman1, Øystein Wessel1,
Erling Olaf Koppang2, Maria K. Dahle3 and Espen Rimstad1*

1 Section of Virology, Faculty of Veterinary Medicine, Norwegian University of Life Sciences, Ås, Norway, 2 Section of
Anatomy, Faculty of Veterinary Medicine, Norwegian University of Life Sciences, Ås, Norway, 3 Department of Fish Health,
Norwegian Veterinary Institute, Oslo, Norway

Melanized focal changes in white skeletal muscle of farmed Atlantic salmon, “black spots”,
is a quality problem affecting on average 20% of slaughtered fish. The spots appear initially
as “red spots” characterized by hemorrhages and acute inflammation and progress into
black spots characterized by chronic inflammation and abundant pigmented cells. Piscine
orthoreovirus 1 (PRV-1) was previously found to be associated with macrophages and
melano-macrophages in red and black spots. Here we have addressed the inflammatory
microenvironment of red and black spots by studying the polarization status of the
macrophages and cell mediated immune responses in spots, in both PRV-1 infected and
non-infected fish. Samples that had been collected at regular intervals through the
seawater production phase in a commercial farm were analyzed by multiplex
fluorescent in situ hybridization (FISH) and RT-qPCR methods. Detection of abundant
inducible nitric oxide synthase (iNOS2) expressing M1-polarized macrophages in red
spots demonstrated a pro-inflammatory microenvironment. There was an almost perfect
co-localization with the iNOS2 expression and PRV-1 infection. Black spots, on the other
side, had few iNOS2 expressing cells, but a relatively high number of arginase-2
expressing anti-inflammatory M2-polarized macrophages containing melanin. The
numerous M2-polarized melano-macrophages in black spots indicate an ongoing
healing phase. Co-localization of PRV-1 and cells expressing CD8+ and MHC-I
suggests a targeted immune response taking place in the spots. Altogether, this study
indicates that PRV-1 induces a pro-inflammatory environment that is important for the
pathogenesis of the spots. We do not have indication that infection of PRV-1 is the initial
causative agent of this condition.
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INTRODUCTION

Melanized focal changes in the white skeletal muscle of farmed
Atlantic salmon (Salmo salar), “black spots”, has emerged as a
phenomenon that is found on average in 20% of the Atlantic
salmon slaughtered at Norwegian processing plants (1). Fish
affected with spots appear clinically healthy, and the condition is
therefore regarded as a quality problem rather than associated
with a disease state. Most melanized changes locate to the cranio‐
ventral and mid‐ventral parts of the fillet, which could indicate
an anatomical and physiological disposition for the condition
(2). However, the etiological cause of the focal melanization
remains unknown.

The black spots are primarily observed at slaughter of seawater
farmed Atlantic salmon (3), and there are no reports that such spots
are common in wild fish. Histologically, black spots appear
heterogenous. The more severe black spots are classically
characterized as chronic inflammatory reactions of granulomatous
character, where macrophages are the dominating cell type, and the
presence of melano‐macrophages gives the black discoloration (3).
In a longitudinal study where the presence of spots was followed
through the seawater production phase in a commercial farmed
salmon population, it was concluded that red spots preceded the
formation of black spots (2). The term red spots refer to foci in the
white muscle assumed to be intramuscular hemorrhages. The red
spots were found to have a stable low prevalence in the production
period, while the black spots accumulated over time in the fish
population in seawater (2). Histopathological classification of the
melanized spots show that they develop over the time the fish
population has spent in sea water, and the most serious
granulomatous inflammatory changes appear a few months
before slaughter and are associated with Piscine orthoreovirus 1
(PRV-1) (2). Aggregation of macrophages and other immune cells
forming granulomatous structures in the black spots indicate a long-
term activation of the immune response (4).

Both immunohistochemistry and in situ hybridization
methods have demonstrated presence of PRV-1 in melanized
foci (2, 4). PRV-1 is a very common infection in farmed
Atlantic salmon in the marine phase (5). The presence of PRV-1
in the black spots has been associated with the severity of the spots
(2, 4). However, due to the increasing prevalence of PRV-1
infection in farmed Atlantic salmon with time spent in seawater,
an alternative hypothesis would be that the presence of melanized
changes is coincidental and not caused by PRV-1 infection. In line
with this, some macroscopic dark spots are found in fish without
detectable PRV-1 infection, but histologically these spots do not
show the same chronic inflammatory and granulomatous
reactions (2). In black spots with histopathological changes,
classified as granulomatous changes, PRV-1 seems to be a
consistent finding (2).

PRV virions are naked particles of 70 nm-large icosahedral
capsids encompassing the genome of ten double stranded (ds)
RNA segments, categorized into long (L1-L3), medium (M1-M3)
and small (S1-S4) segments. There are three recognized subtypes
of PRV. PRV-1 is mainly found in Atlantic salmon where it may
cause heart and skeletal muscle inflammation (HSMI) (6).
Following infection of PRV-1 in Atlantic salmon, the virus

replicates to high titers in its main target cell, the erythrocyte
(7, 8), and subsequently high virulent variants of PRV-1 infect
cardiomyocytes leading to the cardiac inflammation observed
during heart and skeletal muscle inflammation (HSMI) (9).

Previous studies have indicated that Atlantic salmon does not
clear the PRV-1 infection, and the acute infection develops into a
persistent, low productive infection (10). In the persistent phase,
PRV-1 infection can be found in circulating erythrocytes and renal
erythroid progenitor cells, but also in macrophages and melano-
macrophages in kidney and spleen (11). In the melanized spots
and in the granulomatous reactions of the more severe black spots
in particular, PRV-1 is found in macrophage-like cells, melano-
macrophages and erythrocytes (2, 12). This could indicate that the
infected cells have a role in the pathogenesis of the melanized
changes. Melano-macrophages primarily reside in the spleen and
head kidney of teleost fish, where they can cluster to form so-called
melano-macrophage centers, but they may also migrate to
inflamed tissues (13).

Macrophages are often classified according to their polarization
rather than their tissue location. The M1 type macrophages are
classically activated and polarized by IFN-g signaling. They
produce a pro-inflammatory microenvironment by secreting
inflammatory cytokines, and have the capacity to inactivate
intracellular pathogens through, among other factors, the action
of nitric oxide (NO) and reactive oxygen species (ROS) (14, 15).
Presence of M1 macrophages in an area with infection suggests
that macrophage polarization have occurred through sensing of
danger signals (16, 17). M1 macrophages are a common
phenotype of phagocytes during a cell mediated immune
response (18).

The M2 macrophages, on the other hand, are anti-
inflammatory and are central in wound healing and tissue repair
(19, 20). M2 macrophages can be activated by anti-inflammatory
cytokines (IL-4 or IL-13) (21) and their main functions are to
generate extracellular matrix and polyamines for cell growth and
division, in addition to protein synthesis necessary for the healing
process (22). There are many indications that the polarized
macrophage phenotypes exist also in teleost fish (23, 24), and
the presence of inducible nitric oxide synthase (iNOS2) and
arginase-2 (Arg2) have been defined as M1 and M2 specific
markers, respectively (22).

Interaction between cytotoxic T-lymphocytes (CTLs) and the
antigen presenting complex MHC-I on the target cell surface can
initiate the killing of target cells by the actions of granzymes and
perforins produced by CTLs (25, 26). Involvement of CTLs in the
host defense mechanism against PRV-1 infected cells is indicated
in HSMI (27) and spots development (12). The specific co-
localization pattern of PRV-1 and the targeted response of these
immune cells can be exposed through multiplex in situ
hybridization method.

This study aimed to characterize the polarization of
macrophages in red and black spots by multiplex fluorescent in
situ hybridization (FISH) method and to study the correlation of
markers of macrophage polarization, MHC-I and CD8 expressing
cells with PRV-1 infection. The reduction of the relative number of
PRV-1 infected cells through the spots’ stages indicated an
elimination of PRV-1 infected cells in the melanized focal spots
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in Atlantic salmon. Transformation of red spots into black spots is
associated with the emergence of melano-macrophages of M2
phenotype in the white skeletal muscle.

MATERIAL AND METHODS

Samples From Field Trial
Atlantic salmon smolts with an average weight of 110 g were
transferred to sea in a commercial setting at Svåsand, Hardanger,
Norway, as earlier described (2). The fish were sampled regularly
throughout the seawater period and screened visually for
presence of red and black spots in the white muscle (2).
Formalin fixed samples of red and black spots had been
categorized and graded based on macroscopic appearance and
the PRV-1 infection status of the population had been monitored
by RT-qPCR of gill, spleen and muscle samples by PatoGen
Analyse, Ålesund, Norway as earlier described (2). The
population was PRV negative upon transfer to sea and the first
PRV positive fish were detected at 23 weeks post transfer. At 48
weeks post transfer about 98% of the sampled fish were PRV-1
positive. The samples used in the present study were collected at 4
and52weekspost sea transfer, i.e. prior toPRV-1 infection andafter
the population was near completely infected with PRV-1, in this
context referred to as PRV negative and positive, respectively. The
seawater temperature was 11-11.5°C at samplings.

The samples were collected from white muscle of the cranio-
ventral part of the fillet and were no spots (normal tissue),
macroscopic red spots and black spots (Table 1). Macroscopically
the spots were graded 1-3 where grade 1 was very faint
discoloration, 2 was a distinct but not severe discoloration and 3
was a prominent and severe discoloration (2).

RNA Extraction and RT-qPCR
Total RNA was extracted from a 25 mg sample of the tissues
from all fish from each group as shown in Table 1 using 0.65 ml
QIAzol Lysis reagent (Qiagen, Hilden, Germany). Tissues were
homogenized using 5 mm steel beads in a TissueLyzer II
(Qiagen) for 2 x 5 min at 25 Hz. Chloroform was added and
the aqueous phase collected for automatic RNA isolation using a
RNeasy Mini QIAcube Kit (Qiagen), eluting RNA in 50 μl RNase

free water. RNA concentrations were determined in a Nanodrop
ND-100 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Thereafter, RNA was stored at -80°C until further use.

cDNA was synthesized from 1 μg total RNA by using
Quantitect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s guidelines. In short, the procedure included
elimination of genomic DNA and incubation at 42°C for 30 min
with RT mastermix including reverse transcriptase enzyme and
RNAse inhibitor. Quantitative PCR was performed in duplicates
in 96-well plates, using a reaction volume of 12 μl with 15 ng
cDNA input per well, and the Maxima SYBR Green/ROX qPCR
Master Mix-2x (Thermo Fisher Scientific). Thermal conditions
were set for an initial denaturation at 10 min/95°C and 40 cycles of
amplification at 15 sec/95°C, 30 sec/60°C and 30 sec/72°C. Melting
curve analysis were included to ensure assay specificity. Elongation
factor (EF1ab) was used as reference gene (28). No-template
control (NTC) were run on the same plate as negative control.
The cut off value was set to Ct 35, and fold induction of genes of
interest was determined against the reference gene and control
samples (29). Primers (Table 2) were designed using Vector NTI
Advance™ 11 software (Thermo Fisher Scientific), and AlignX
application (Vector NTI Advance™ 11 Package, Invitrogen Dynal
AS) was used for sequence alignments. (Table 2)

Statistical Analysis
Fold change (2- DDCt formula) medians for genes of interest were
compared in all groups, using non-parametric Mann-Whitney test
due to small sample number, to display differences among the
groups. GraphPad Prism version 9.0 (GraphPad Software Inc., La
Jolla, CA, USA) was used for statistical analysis and graphical
layouts. p ≤ 0.05 was considered as significantly different.

Histology
Samples for histological examination were selected from PRV-1
infected and uninfected fish populations with or without
macroscopic red and black spots (Table 1). Selection criteria for
the uninfected population with red and black spots was spot grade
level 2 (n = 1) because no uninfected fish had grade 3 level black
spots. Samples from PRV-1 infected fish with red and black spots
had grade 3 (n = 2). Samples from uninfected fish without
macroscopic lesion were selected randomly and used as negative
control, whereas samples from infected fish without spot were
selected based on highest PRV-1 level (Table S1). Formalin fixed
paraffin embedded (FFPE) tissue section (2 μm thickness) was
dehydratedbygradual ethanolbaths followedbyxylenewashing for
paraffin clearance. Rehydration of the sections were performed for
subsequent staining with hematoxylin and eosin (H&E staining).
Standard procedures were followed (32). Bright field microscopy
(CarlZeissLightMicroscopySystemwithAxio Imager2 -CarlZeiss
AG, Oberkochen, Germany) was performed for imaging.

Fluorescent In Situ Hybridization (FISH)
Sample Pretreatment
FFPE sections were sliced with 5 μm thickness from tissue
samples and mounted on Superfrost plus (Thermo Fisher
Scientific) slides. Slides were baked at 60°C for 2 h in a
HybEZ™ II oven (Advanced Cell Diagnostics, catalog #321720)

TABLE 1 | Samples selected from red and black spots.

Category PRV status Grading Sampling time (weeks
after transfer to sea)

Black spot Positive
(n = 6)

Grade 1-3 black
spots

52

Negative
(n = 6)

Grade 1-2 black
spots

4

Red spot Positive
(n = 5)

Grade 1-3 red
spots

52

Negative
(n = 6)

Grade 1-3 red
spots

4

No spot Positive
(n = 6)

No macroscopic
lesion

52

Negative
(n = 4)

No macroscopic
lesion

4
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followed by deparaffinization with 100% ethanol and fresh xylene
baths. Samples were pretreated with hydrogen peroxide for
10 min at RT, boiled with RNAscope antigen retrieval reagent
(Advanced Cell Diagnostics, catalog #322000) for 15 min at 99°C,
and then incubated with RNAscope protease plus reagent for
15 min at 40°C in the HybEZ™ II oven. Hydrophobic barrier was
made around the tissue section using Immedge hydrophobic
barrier pen (Vector Laboratories, Burlingame, CA).

Multiplex In Situ Probe Hybridization
RNAscope® Multiplex fluorescent V2 assay kit (Advanced Cell
Diagnostics catalog #323100) was used for simultaneous detection
of up to three different RNA targets. Probes (Table 3) were
designed against; PRV-1 L3 segment (Advanced Cell Diagnostics
catalog #537451) iNOS2 (Advanced Cell Diagnostics catalog
#548391); Arg2 (Advanced Cell Diagnostics catalog #548381)
CD8a (Advanced Cell Diagnostics catalog #836821); Granzyme
A (Advanced Cell Diagnostics catalog #836841) and MHC-I
(Advanced Cell Diagnostics catalog #836831). Probes against
Peptidylpropyl Isomerase B (PPIB) (Advanced Cell Diagnostics,
catalog #494421) was used as reference gene for RNA integrity of
the target samples. Dihydrodipicolinate reductase (DapB), a
bacterial gene from Bacillus subtilis (Advanced Cell Diagnostics
catalog #310043) was used as negative control gene to assess cross-
reactivity and background noise. Probes were mixed and hybridized
for 2 hrs at 40°C in the HybEZ™ II oven. Amplification steps
(Amp1-Amp3) were performed according to the manufacturer’s
protocol. Opal fluorophores (Table 2) (Akoya Biosciences, CA,

United States) were prepared and diluted (1:1500) using tyramide
signal amplification (TSA) buffer (Advanced Cell Diagnostics
catalog #322809) provided in the kit. Each probe was assigned a
fluorophore, having a different emission and excitation range to
distinguish each output signal (Table 3). Also, every probe was
developed, labeled, and blocked separately by incubating with
RNAscope® multiplex Fluorescent Detection Reagents v2 (catalog
#323110) and diluted Opal fluorophores in a sequential order as per
manufacturer recommendations. Each section was counter stained
by adding DAPI (fluorescent DNA stain) for 30 sec at room
temperature. Mounting was performed by adding 1-2 drops of
Prolong Gold antifade mounting reagent (Thermo Fisher
Scientific). Imaging was performed in a TCS SP8 gSTED confocal
microscope (Leica microsystems GmbH, Mannheim, Germany).

RESULTS

Histology of Red and Black Focal Changes
In samples from white muscle from non-infected fish without
visible spots, unaltered and intact myocytes were seen (Figure
1A). In samples of non-spot tissue from PRV-1 infected fish,
mild myocyte degeneration was observed to some extent along
with presence of infiltrating leukocytes (Figure 1B).

In red spots the white skeletal muscle tissue showed moderate
to severe bleedings, and mild degeneration to moderate myocyte
necrosis was observed in uninfected and infected fish,
respectively (Figures 1C, D). The red spots from PRV-1

TABLE 3 | List of probes and corresponding fluorophores used in FISH.

Probe Target Region (bp) Fluorophores Emission/Excitation Wavelength (nm) Channel*

Target PRV-L3 415–1379 Opal 520 (FP1487001KT) 494/525 C1
iNOS2 2–949 Opal 620 (FP1495001KT) 588/616 C2
Arg2 1332–2053 Opal 690 (FP1497001KT) 676/694 C3
CD8a 8-1033 Opal 620 (FP1495001KT) 588/616 C2
GzmA 3-1088 Opal 690 (FP1497001KT) 676/694 C3
MHC-I 2-2321 Opal 620 (FP1495001KT) 588/616 C2

Control PPIB 20–934 Opal 520 (FP1487001KT) 494/525 C1
DapB 414–862 Opal 520 (FP1487001KT) 494/525 C1

*Channels signify the specific labeling of each fluorophore separately for their excitation and emission properties.
Accession numbers; PRV-L3- KY429945; PPIB- NM_001140870; DapB- EF191515, for the other genes the acc. nos. are listed in Table 2.

TABLE 2 | List of specific primers for genes of interest.

Genes Primer Conc. Sequence (5’-3’) Amplicon (bp) Accession No.

iNOS2* F 400 nM CATCGGCAGGATTCAGTGGTCCAAT 135 XM_014214975.1
R GGTAATCGCAGACCTTAGGTTTCCTC

Arg2* F 400 nM CCTGAAGGACTTGGGTGTCCAGTA 109 XM_014190234.1
R CCGCTGCTTCCTTGACAAGAGGT

MHC Class I (30) F 400 nM CTGCATTGAGTGGCTGAAGA 175 AF504022
R GGTGATCTTGTCCGTCTTTC

CD8a (31) F 400 nM CACTGAGAGAGACGGAAGACG 174 AY693393
R TTCAAAAACCTGCCATAAAGC

Granzyme A (31) F 400 nM GACATCATGCTGCTGAAGTTG 81 BT048013
R TGCCACAGGGACAGGTAACG

EF1ab (28) F 500 nM TGCCCCTCCAGGATGTCTAC 57 BG933897
R CACGGCCCACAGGTACTG

*Amplification efficiency (E) of newly designed primers were calculated for iNOS2 (E = 0.98) and Arg2 (E = 1.02).
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infected fish differed from the noninfected fish by infiltration of
leukocytes and scattered appearance of adipocytes. In black
spots, melanin was found in both groups (Figures 1E, F),
however, the presence of macrophage-like cells with
histologically observable melanin content, referred to as a
melano-macrophages, in the samples of the infected fish were
more prominent and widespread. Moreover, granulomatous
changes in the black spots were observed in PRV-1 positive
fish (Figure 1F) and never in the uninfected fish.

In Situ Localization of Differentiated,
Polarized Macrophages and PRV-1 in
Focal Changes
a. Uninfected fish

The positive and negative controls, i.e. using the PPIB and DapB
probes, are shown in Figures S1, S2, respectively. Tissues with
macroscopic appearance of red focal changes from uninfected
fish showed no iNOS2 specific staining, but some Arg2 positive

FIGURE 1 | Representative histological sections from white skeletal muscle of noninfected and PRV-1 infected Atlantic salmon HE stained. (A) Myocytes with
no observable changes. (B) Myocytes with mild degeneration (arrow) and presence of inter-myocytial fluid (arrowheads) and few infiltrating leukocytes (inset).
(C) Uninfected fish, red focal change shows areas with moderate (inset) and minor (arrowhead) hemorrhages. Note minor degeneration in some myocytes with
infiltrating macrophages. (D) Red focal change in PRV-1 infected fish with large hemorrhage (inset) and massive myocyte necrosis (arrowheads). (E) Black spot in
uninfected fish. Sporadic occurrence of melano-macrophages (black) in seemingly otherwise non-affected tissue (dotted circle). (F) Black spot in infected fish with a
typical granulomatous change surrounded with melano-macrophages (black). Arrowheads point to scattered melano-macrophages. Scale bar = 100 μm.
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cells (Figure S3). Similarly, sections with the macroscopic
appearance of black spots from uninfected fish showed low
number of iNOS2orArg2 positive cells (Figure S4).No staining
was seen inareaswithout spots fromuninfectedfish (Figure S5).
No PRV-1 signal was detected from noninfected fish groups
having spots or no spots (Figures S3–S5).

b. Red spot. Early phase. PRV-1 infected.

In red focal changes there were hemorrhages (Figure 2A)
containing a large number of nucleated cells (Figure 2B).
Hemorrhages analyzed by FISH showed PRV-1 in a few
erythrocytes (Figure 2C). Numerous iNOS2 positive
macrophages, i.e. M1 type polarized macrophages, were
surrounding the hemorrhage (Figure 2D), but co-localization
of PRV-1 and iNOS2 were not seen (Figure 2E). There was no
staining for Arg2, i.e. M2 type polarized macrophages (Figure
2F). Due to the low presence of M1 activated macrophages and
lack of organization of the hemorrhages, this appearance was
assessed as being an early phase of the red spots.

c. Red spot. Intermediate phase. PRV-1 infected.

In red focal changes from infected fish, where the changes were
assessed as more advanced and infiltrating cells were seen
between the myocytes (Figure 3A). The large number of
extravasal erythrocytes of the early phase was not present
(Figure 3B). Co-localization of PRV-1 and iNOS2 was
observed among infiltrating cells found between myocytes
(Figures 3C, D). There was no staining with Arg2 (Figure
3F). Due to the high presence of M1 activated macrophages
and the organized appearance of the hemorrhages, but lack of
melano-macrophages, this was assessed as being an
intermediate phase of the red spots.

d. Red spot. Late phase (transition between red and black spots).
PRV-1 infected.

In another region from the same red spot sample, as displayed in
Figure 3, there were some scattered deposits of melanin
(Figure 4A). In these areas, there was a modest number of

PRV-1 positive cells (Figure 4B.) Here, Arg2 specific
transcripts were detected (Figure 4C), with co-localized
PRV-1 staining (Figure 4D). Detection of Arg2 was only
observed in melano-macrophages found in the sporadic
melanin deposits (Figure 4E). The commencement of M2
type melano-macrophage detection was assessed as an
indication of transition from red to black spots.

e. Black spots. PRV-1 infected

In macroscopic black spots, larger deposits of melanin were seen
(Figure 5A), and there was a moderate density of cells (Figure
5B). PRV-1 stained cells were mainly seen in the area of
melanization (Figures 5C, D). Scattered areas of iNOS2
positive cell populations were detected in the melanized focal
changes (Figure 5E), but these only partly co-localized with
PRV-1 staining (Figure 5F). Arg2 positive cells were also seen in
the PRV-1 infected area togetherwithmelanin presence (Figure
5G), showing some co-localization of PRV-1 and Arg2 (Figure
5H). A number of melano-macrophages with PRV-1 were
detected. Arg2 positive transcripts were primarily detected in
melano-macrophages, but were also present in non-melanized
M2 macrophages (Figure 5I).

f. No focal changes, PRV-1 infected

In PRV-1 infected fish, samples from areas in white muscle
without spots showed co-localization of iNOS2 and PRV-1
(Figures 6A–D), while Arg2 and PRV-1 only partly
overlapped (Figures 6E, F). The staining of iNOS2 and
Arg2 did not overlap.

Presence of CD8+ and MHC-1 Positive Cells

a. Red Focal Changes, PRV-1 infected

In situ labeling revealed a mild influx of CD8+ cytotoxic T
lymphocytes (CTLs) in the bleeding area of red focal
changes in PRV-1 infected fish (Figure 7A). Some of the
CD8+ cells were also positive for PRV-1 staining, whereas

FIGURE 2 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in red focal changes (early phase). (A) Phase contrast image showing a large hemorrhage
(star). (B) DNA staining of the cells by DAPI (blue). (C) Presence of a few PRV-1 (green) positive cells in the hemorrhage. (D) iNOS2 (red) specific transcripts detected
in a limited number of cells surrounding a peripheral blood vessel. (E) Merged image showing presence of PRV-1 (arrow) but no co-localizing in the M1 macrophage
(inset). (F) Arg2 (purple) specific transcripts (M2 type macrophages) were undetected. Scale bar = 100μm.
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other CD8-positive cells were present around infected cells
(Figures 7A, B). Granzyme A transcripts were detected in
both CD8+ (Figures 7A–C) and other cell populations in the
infected area (Figures 7A, B). Numerous MHC-I positive
cells were present at the bleeding site (Figures 8A–C), with a
limited number also being PRV-1 infected. PRV-1 did not
appear to co-localize with MHC-I (Figures 8B, C).

b. Black Focal Changes, PRV-1 infected

CD8+ cells were detected in the areas with melanin deposits.
Some PRV-1 infected cells were also detected in this area, but
the staining did not co-localize (Figure 9). Granzyme A
specific transcripts were co-localized with CD8+ (Figures
9C, D) but also found in other cell subsets (Figure 9B).
Numerous MHC-I positive cells were detected around a
vacuolar area surrounded by melano-macrophages and
some PRV-1 infected cells, showing high melanin deposits

(Figures 10A, B). PRV-1 did co-localize with some MHC-I
stained cells (Figure 10C).

Gene Expression in Red and Black Spots

a. iNOS2 and Arg2

iNOS2 expression was low in PRV positive (median Ct 30.7),
non-spot samples (2 folds)while it was significantly increased
(approximately 10 folds, MWU value = 0, n1 = 4, n2 = 5, p-
value = 0.0079) in PRV positive (median 27) red focal changes
(Figures 11A, S6). In contrast, iNOS2 was not upregulated in
the samples from red focal changes of uninfected fish. In the
black focal changes, iNOS2 expression was at the same level as
in non-spot samples. Arg2 expression was significantly
upregulated in all of the target groups, especially in PRV-1

FIGURE 4 | Fluorescent in situ hybridization of PRV-1 and Arg2 in red focal changes (late phase). (A) Phase contrast image showing structure of the analyzed area
and melanin deposit. (B) Sporadic presence of PRV-1 (green) in melanized area. (C) Arg2 (purple) positive cells (D) Merged image showing PRV-1 and Arg2 co-
localization (white in the inset). (E) Merged image showing Arg2 positive staining of melano-macrophages (arrow). Scale bar = 100μm.

FIGURE 3 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in red focal changes (intermediate phase). (A) Phase contrast image showing infiltrating cells
between myocytes. (B) Nuclei DNA staining of the cells with DAPI (blue). (C) Presence of PRV-1 (green) in infiltrating cells in between myocytes. (D) Presence of
iNOS2 (red) in infiltrating cells between myocytes. (E) Merged image showing co-localization (inset) of PRV-1 and iNOS2 (yellow). (F) Arg2 transcripts (purple) were
not detected. Scale bar = 100μm.
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infected groups. Arg2 was upregulated both in infected, no
spot samples (6.5 folds, MWU value = 0, n1 = 4, n2 = 6, p-
value = 0.0048) and in red focal changes without PRV
infection (4.7 folds, MWU value = 1, n1 = 4, n2 = 6, p-
value = 0.0095), compared to the uninfected, no-spot control.
Both iNOS2 and Arg2 expression were at the highest level in
the PRV infected fish with red focal changes. But in black
focal changes only Arg2 expression, in contrast to iNOS2, was
significantly upregulated (MWU value = 0, n1 = 4, n2 = 6, p-
value = 0.0048) in PRV-1 infected group (median 27.7)
(Figures 11A, S6).

b. CD8a, GzmA and MHC-I

There was a trend towards upregulation of the CD8a gene in the
red and black focal changes (Figure 11B) but this was not
statistically significant. Granzyme A expression level was
significantly upregulated in PRV-infected groups with red
(16.5 folds, MWU value = 0, n1 = 4, n2 = 5, p-value = 0.0079)
and black focal changes (approx. 15 folds, MWU value = 2,
n1 = 4, n2 = 5, p-value = 0.0489). Non-infected groups
showed no significant induction of CD8a and granzyme A.
Increased expression of MHC-1 was spotted in all fish groups
infected with PRV-1, compared to non-infected groups, and

FIGURE 6 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in areas without spots, from PRV-1 infected fish. (A) Phase contrast image showing cells
structure. (B) PRV-1 (green) specific transcripts detected between muscle cells. (C) iNOS2 (red) positive cells in the same area as PRV-1. (D) Merged image showing
co-localization of PRV-1 and iNOS2 (yellow, insert). (E) Arg2 (purple) positive cells were detected partly in same area as PRV-1. (F) Merged image of PRV-1 and
Arg2 show Arg2 positive cells surrounding PRV-1 infected cells (inset). Scale bar = 50μm.

FIGURE 5 | Fluorescent in situ hybridization of PRV-1, iNOS2 and Arg2 in black focal changes (late phase). (A) Phase contrast image presence of melanin in the
infected area. (B) Nuclei DNA stained with DAPI (blue). (C) PRV-1 (green) detected in severe melanized area (D) Merged PRV-1 and DAPI. Number of PRV-1 positive
cells compared to total number of cells were low. (E) Few iNOS2 (red) positive cells detected at the infected area (F) Merged image showing co-localization (yellow in
inset) of PRV-1 and iNOS2. (G) Presence of Arg2 (purple) positive cells. (H) Co-localization of PRV-1 and Arg2 positive cells (white in inset). (I) Localization of Arg2
specific transcripts in melanized M2 melano-macrophages (black arrows) and non-melanized M2 macrophages (white arrow). Scale bar = 100μm.
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the MHC-I expression level was relatively higher in black
focal changes (14 folds, MWU value = 0, n1 = 4, n2 = 6, p-
value = 0.0048) than in red focal changes (9 folds, MWU
value = 2, n1 = 4, n2 = 5, p-value = 0.0317) (Figure 11B).

DISCUSSION

This study aimed to clarify the role of PRV-1 infection and the
immune mechanisms involved in the development of melanized
foci in white muscle of Atlantic salmon, using immune cell gene
markers representing the macrophage polarization pattern, and
the cytotoxic immune response.

Macrophages respond to their environmentbydifferentiating into
the functional pro-inflammatory phenotypes M1 macrophages,

implicated in initiating and sustaining inflammation, or the anti-
inflammatory M2 macrophages, implicated in tissue repair (33). In
samples from red and black focal changes from non-infected fish
there were no obvious detection of macrophage polarization apart
from minimal occurrence of M2 macrophages, based on Arg2
transcript detection. Unaffected muscle areas of non-infected fish
showed no presence of polarized macrophage markers. These
findings were also reflected in the qPCR transcript analysis, which
mirrored the in situ findings.

On the other hand, our results indicate that in the PRV-1
infected fish, the initial phase of the progress of the red and black
spot formation were tightly connected to macrophage polarization
and linked to thepresenceofPRV-1.Thedevelopmentofmelanized
focal changes is considered to be multifactorial. Viral diseases such
as pancreas disease (PD) may affect the white muscle, but

FIGURE 8 | Fluorescent in situ hybridization of PRV-1, and MHC-I in areas of red focal changes. (A) Phase contrast image showing a large hemorrhage. (B) Merged
image of PRV-1 and MHC-I showed no co-expression of PRV-1 in MHC-I cells, but a few cells were detected in the bleeding area (arrowhead). (C) Magnified image
from image B (dotted rectangle) showing PRV-1 infected cells along with MHC-I cells. Scale Bar = 50 μm.

FIGURE 7 | Fluorescent in situ hybridization of PRV-1, CD8a and GzmA in red focal changes. (A) Phase contrast image showing a bleeding area with a large
aggregation of blood cells. (B) Merged image of PRV (green), CD8a (red) and GzmA (purple). Localization of PRV-1 in CD8+ cell (dotted rectangle at right top) and
co-expression of granzyme A in CD8+ T cells (dotted rectangle in left bottom). Individual T cells detected expressing granzyme A specific transcripts (arrowhead)
along with other CD8 cells (arrow). Nuclei DNA stained with DAPI (blue) (C) Magnified image of CD8+ and GzmA co-expression from dotted square in image (B)
Scale Bar = 50 μm.
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widespread presence ofmelanized changes in areas being free from
PD historically suggest no etiological role for this disease in
the development of melanized focal changes (34). Furthermore,
melanized changes have not been found to be influenced by
bacterial components (2). We found that local PRV-1 infection
was associatedwith theM1polarized cellmarker iNOS2 in the early
developmental phases of melanized foci. PRV-1 was detected in a
limited number of erythrocytes in hemorrhages, and only a fewM1
macrophages was detected in the initial phase of red spots.
Erythrocytes are a primary cell target of PRV-1 both in the acute
and persistent phases of infection (7), and infected cells can be
detected in any vascularized tissue. We have not found evidence
here indicating that the PRV-1 infection initiated these
hemorrhages as in previous studies (2, 4). However, for the close
PRV relative, Grass carp reovirus (GCRV), it is suggested that
iNOS2 activity is implicated in apoptosis of the vascular endothelial

cells in hemorrhages characteristic for GCRV infection of Grass
carp (Ctenopharyngodon idella) (35).

InPRV-1 infectedfish, theM1 typemacrophagesweremodestly
detected in the early phase of red focal changes. However, in the
more developed, intermediate phase of red spots the M1
macrophages were a dominating feature and were almost
uniformly positive for PRV-1 specific staining, i.e. PRV-1
infected. The expression analysis by RT-qPCR also demonstrated
elevated expression of iNOS2 in this phase. The dominating
presence of PRV-1 infected, M1 polarized macrophages in this
phase indicates a pro-inflammatory environment, which may be
driven by the PRV-1 infection. In an earlier study, a significant
downregulation of the anti-inflammatory cytokine IL10 was found
associated with red changes (12), which indirectly indicates a pro-
inflammatory environment.

FIGURE 10 | Fluorescent in situ hybridization of PRV-1 and MHC-I in black focal changes. (A) phase contrast image showing vacuolar area surrounded by melano-
macrophages and other immune cells. (B) Merged image showing presence of numerous MHC-I positive cells (red) where some are co-staining with PRV-1 (green)
(dotted rectangle and arrowhead). (C) Magnified area from image B showing co-localization of PRV-1 in some MHC-I cells. Scale Bar = 50 μm.

FIGURE 9 | Fluorescent in situ hybridization of PRV-1, CD8a and GzmA in black focal changes. (A) phase contrast image showing cell structures with melanin
accumulation. (B) Merged image showing presence of PRV-1 (green) infected cells with CD8+ cells (red) (arrows) and granzyme A (purple) in another cell population
(arrowhead). Dotted rectangle showing co-expression of CD8 and GrzmA split in (C, D). Nuclei DNA stained with DAPI (blue) Scale Bar = 50 μm.
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Red spots with sporadic appearance of melano-macrophages
were categorized as late red spot phase. This phase is considered
to reflect the transition phase between red and black spots.
Upregulation of iNOS2 level during red spots could be an
indicator for commencement of melanogenesis. It is noteworthy
that iNOS2 contributes to the melanogenesis in mammalian
melanocytes (36). Based on the expression of the M2 marker
Arg2, we found that the melano-macrophages at the site
displayed the properties of anti-inflammatory M2 macrophages.
We also found M2 macrophages without melanin. Co-localization
pattern revealed PRV-1 abundance inmelanized cells. Themelano-
macrophages of teleost fish are phagocytic cells (37) and they
accumulate at long-term antigen retention sites in salmonids (13,
38).Phagocytosis ofvirus infectedcells bymacrophageandmelano-
macrophages have been reported earlier in Atlantic salmon (39).
M2 macrophages are cells normally involved in tissue repair, and
here they appeared first when melanin started to accumulate in the
spots in skeletal muscle tissue.

Our findings indicate that PRV-1 infected macrophages are
not innocent bystanders but represent M1 polarized
macrophages important in the development of the pro-
inflammatory microenvironment of red spots. The melanin
accumulation starts in the late phase of red focal changes and

will ultimately progress into black focal changes. It therefore
seems as if melano-macrophages do not infiltrate the changes as
such, but rather as non-pigmented macrophages capable of
accumulating melanin over time. Melanogenesis has previously
been demonstrated in advanced black spots (3). This putative
progression could also be an explanation for the low prevalence
of red spots but an increasing prevalence of black spots through
the production period in seawater (2).

The black spots demonstrated a more heterogenous
macrophage populations, i.e. both M1 and M2 macrophages
were present. In advanced melanized areas, fewM1 macrophages
were positive for PRV-1, whereas PRV-1 co-localization was
detected both in melanized (melano-macrophages) and non-
melanized M2 type macrophages. In mammals, Arg2 is shown to
downregulate the nitric oxide production of the M1
macrophages (40). Our findings indicate that Arg2 specific
transcripts are mostly linked to the melanized area and
associate with melano-macrophages. Presence of melano-
macrophages (M2) was consistent from the late phase of red
spots into black spots transformation (Table 4).

The correlated upregulation of Arg2 transcripts with the stage
of development of the spots in the PRV-1 infected fish indicated
a gradual shift from an inflammatory to a healing response

TABLE 4 | Consolidated summary of results.

Type of spot Key In situ findings Characteristic gene expression level

Red spot Early Few M1 macrophages in PRV-1 positive
hemorrhages.

Significant upregulation of
iNOS2 expression

Significant upregulation of
MHC-I and GzmA expression

Intermediate High co-localization of PRV-1 in M1
macrophages.

Late Detection of few M2 melano-macrophages.

Black spot Domination of M2 melano-macrophages and co-
localization with PRV-1.

Significant upregulation of
Arg2 transcription.

A B

FIGURE 11 | Gene expression analysis during red and black focal changes in PRV infected (+) and uninfected (-) fish groups. (A) Relative fold change (median line)
for each fish group is shown for iNOS2 and Arg2 (left Y-axis). (B) Relative fold change (median line) for each fish group is shown for CD8a, GzmA and MHC-I. Pink
dot showing outlier value in the respective group. Each dot within boxes represents individual fish in the group. Gene expression relative to the control group
(uninfected and unaffected) fish was normalized against EF1ab. * indicates significantly different from the control group (*p < 0.05, **p < 0.01).
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during the transition from red to black macroscopic appearance
of the spots. The spots of the non-infected fish with lack of
detection of M1 macrophage marker and only a few detected M2
polarized macrophages, strongly indicated that PRV-1 is driving
macrophage polarization in the spots of infected fish.

The initial etiological cause(s) of the red spots is unknown.
The outcome of the spots in uninfected fish groups is also
unknown due to the ubiquitous presence of PRV-1 in farmed
Atlantic salmon, and the lack of an experimental model for spot
formation (11). However, it could be speculated if the lack of
inflammation in spots in non-infected fish argues for a shorter
longevity and lower severity of the spots.

To further characterize the inflammatory microenvironment
in the spots, the presence of CD8, Granzyme A and MHC-I
positive cells was characterized during spot development. There
were substantial variations in the presence of these markers
among the individual fish, but in situ visualization indicated that
MHC-I positive, PRV-1 infected cells were targeted by CD8
positive T cells both in red and black spots. The relative low
number of CD8 positive cells evenly observed both in red and
black focal changes was in line with the RT-qPCR expression
analysis. However, a moderate, but not statistically significant
up-regulation of CD8a expression in black focal changes
compared to red focal changes was observed, and has been
reported earlier (12). Mature cytotoxic T cells can use
granzyme A for killing of target cells containing intracellular
pathogens. Here, granzyme A specific transcripts were observed
in cells that were not expressing CD8. By RT-qPCR, expression
of Granzyme A was found to be significantly increased in both
red and black spots compared to control samples, while CD8 was
not. Granzyme A is also be synthesized by natural killer cells
(NK-cells) (41) or other immune and non-immune cells in the
teleost fish (42).

Mammalian myopathies are often marked by up-regulation of
MHC-I (43, 44). By immunolabelling, MHC-I positive cells have
earlier been demonstrated to be abundant in red spots (12), and
in the present in situ study MHC-I cells were common, but
perhaps not abundant. In both studies an absence of MHC-I
positive myocytes was observed in the affected area, combined
with lack of observation of PRV-1. The present study did not
indicate that infection of the skeletal muscle cells is an important
factor of the spot formation. As for Granzyme A, the MHC-I
expression was significantly increased in both PRV-1 infected
red and black spots compared to control samples, and co-
localization of MHC-I and PRV-1 were seen in some cells
especially in the melanized areas. Taken together, the targeted
cell mediated immune response by the host tries to resolve and
eradicate PRV-1 infection during red and black spots formation.

CONCLUSION

A possible course of events in the pathogenesis of black spots, is
that PRV-1 infected erythrocytes in the hemorrhages infect tissue
macrophages through phagocytosis. The myocyte degeneration in
red muscle caused by PRV-1 (6), could be an additional driver for
influx of macrophages, but is probably not the initial cause of red

spots, as these are found at similar prevalence prior to PRV
infection (2). The iNOS2 expressing M1-polarized non-
melanized macrophages are mainly present in the period of the
red focal changes, i.e. the time of inflammation, which suggests
local production of NO and other oxygen radicals by the M1
macrophages. Melanin is a protector against free oxygen radicals
(45), and its accumulation could be a consequence of the pro-
inflammatory environment. Melanogenesis has previously been
demonstrated in a salmon macrophage-like cell line (46, 47). The
increased prevalence and severity of the black spots over time,
indicates that the spot forming process is long lasting. The
numerous M2-polarized melano-macrophages in black spots
indicate that this is a healing phase of the process. Moreover, the
presence of cytotoxic T cells and MHC-I positive cells in the focal
changes represents the host’ ability to target and eliminate PRV-1
infected cells. This suggests a role of PRV-1 infection in driving the
development of black spots in white muscle of Atlantic salmon.
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Abstract 

Piscine orthoreovirus (PRV-1) infection causes heart and skeletal muscle inflammation (HSMI) in 

farmed Atlantic salmon (Salmo salar). PRV-1 is also associated with focal melanized changes in 

white skeletal muscle where infection of macrophages appears to be important. In this study, we 

studied the macrophage polarization into M1 (pro-inflammatory) and M2 (anti-inflammatory) 

phenotypes during experimentally induced HSMI. The immune response in heart with typical 

HSMI lesions was characterized by CD8+ and MHC-I expressing cells and not by polarized 

macrophages. Fluorescent in situ hybridization (FISH) assays revealed localization of PRV-1 in a 

few M1 macrophages in both heart and skeletal muscle. M2 type macrophages were widely 

scattered in the heart and were more abundant in heart compared to the skeletal muscle. 

However, M2 macrophages did not co-stain for PRV-1. There was a strong cellular immune 

response to the infection in the heart compared that of the skeletal muscle, with increased MHC-

1 expression and partial colocalization with PRV-1 and high numbers of cytotoxic CD8+ granzyme 

producing cells that targeted PRV-1. In skeletal muscle, MHC-I and CD8+ cells were dispersed 

between myocytes, but these cells did not stain for PRV-1. Gene expression analysis by RT-qPCR 

agreed with the FISH results and confirmed a drop in the PRV-1 level following onset of the cell 

mediated immune response. Overall, the results indicated that M1 macrophages do not 

contribute to the initial development of HSMI however, large numbers of M2 macrophages reside 

in the heart and may contribute to the subsequent fast recovery following clearance of PRV-1 

infection. 

Keywords: Atlantic salmon, cell mediated immunity, heart and skeletal muscle inflammation macrophage 
polarization, Piscine orthoreovirus-1.  
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1. Introduction 

Piscine orthoreovirus (PRV) infects salmonid fish and is linked to several diseases in different 

salmonid species [1]. The subtype PRV-1 is widespread in farmed Atlantic salmon (Salmo salar) 

and is found to be the etiological cause of heart and skeletal muscle inflammation (HSMI) [2]. This 

subtype is also associated with focal melanized changes in white skeletal muscle, commonly seen 

after slaughter [3]. PRV-1 infection of macrophages appears to be important for the development 

of the melanized changes. Comparative aspects of the pathogenesis and development of 

melanized changes and HSMI, including the role of macrophages, has not been explored. 

HSMI is a common viral disease in the marine production phase of Atlantic salmon farming in 

Norway, and mortality has in some cases been reported to reach 20% [4,5]. The disease is also 

prevalent in other Atlantic salmon farming countries including Chile [6] and Scotland [7], but with 

few reported outbreaks in Canada [8]. Histopathological findings include moderate to severe 

inflammation of the epi-, myo- and endocardium layers of the heart and moderate necrosis in 

the red muscle tissue [9]. Experimentally it has been shown that the histopathological lesions of 

HSMI peaks about 2 weeks after the peak of the viral load during an acute PRV-1 infection [2].  

In contrast, the melanized focal changes in white skeletal muscle have not been associated with 

clinical symptoms of disease or mortality. The condition is a rather common cause of reduced 

quality and declassification of the fillets. In contrast to HSMI, the focal melanized changes are 

only found in the skeletal muscle, and not in the heart. The histological appearance is different 

from HSMI and characterized as a chronic granulomatous inflammatory reaction.  The melanized 

focal changes appear to increase in number and severity with time after transfer of the fish from 

fresh to sea water [10].  The chronicity of the condition indicates that it is not due to an acute 

PRV-1 infection, but possibly to the persistent infection phase. 

PRV belongs to the Reoviridae family and has a ten-segmented, double stranded RNA (dsRNA) 

genome packed in double layered capsid. The virus initially infects and replicates in erythrocytes, 

which are considered as the major target cell population [11,12], implying that the virus can be 

found in any visceral organ [8,13]. In the acute phase when there is high viremia, the virus infects 

cardiomyocytes and several other cell types, while in the persistent phase PRV-1 establishes a 
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productive infection in long lived renal erythroid progenitor cells and  in macrophages of Atlantic 

salmon [13].   

The pathogenesis of HSMI is characterized by PRV-1 infection of cardiomyocytes and induction 

of a classic antiviral immune response that recruits CD8+ cytotoxic T cells [14-18]. Activated 

cytotoxic T cells use granzymes and perforins to kill pathogen infected cells through recognition 

of antigen presented by major histocompatibility complex I (MHC-I) [19]. Histological mapping of 

activated cytotoxic T cells and MHC-I positive cells and their correlation to PRV-1 infected cells 

could enhance the understanding of virus-specific cytotoxicity in HSMI. A transcriptomic analysis 

of HSMI affected heart tissue has indicated  that CD4+ T helper cells are also present  [20]. 

In the focal melanized changes in white skeletal muscle, PRV-1 is not found in myocytes, but in 

macrophages and melano-macrophages [21,22]. The macrophage responses associated with PRV-

1 infection seem to be central for the pathogenesis of these melanized spots [23], i.e. the PRV-1 

infection is associated with the polarization of M1 and M2 macrophage phenotypes in the 

pathological changes. PRV-1 infected, pro-inflammatory M1 macrophages are found in the early 

stages of the spot formation, while PRV-1 infected melano-macrophages of the anti-

inflammatory M2 phenotype, associated with tissue repair and regeneration, are found late in 

the spot development [23]. M1 polarized macrophages have a role in inactivation of pathogens 

through release of nitric oxide produced by  the inducible nitric oxide synthase enzyme (iNOS2), 

whereas arginase-2 (Arg2) is considered as a marker for M2 type macrophages in teleost fish 

species [24,25].  

In the present work we studied if the PRV-1 associated macrophage polarization seen in 

melanized changes in white skeletal muscle, also occurred in HSMI affected heart and skeletal 

muscle tissue. We used material from a well characterized experimental PRV-1 challenge [2], 

focusing on samples collected at the time of peak virus load and at the time of maximum 

histopathological changes. The samples were analyzed by multiplex fluorescent in situ 

hybridization (FISH) assays in combination with gene expression by RT-qPCR. In addition, the 

cellular immune response was mapped by targeting MHC-I, IL-17A and CD8 positive cells.  
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2. Results 
 

2.1. Localization of M1 and M2 polarized macrophage populations 

Heart and skeletal muscle tissues from an experimental PRV-1 challenge with samples selected 

from the key time points were used, i.e. peak virus load (4wpc), and maximum histopathological 

changes (6 wpc) (Fig. S3). Overall, PRV-1 infected cells were widely scattered in the layers of 

epicardium, compactum and spongiosum in infected fish at both sampling points (Fig 1F, Fig S2F), 

while only modest staining of PRV infected cells were seen in skeletal muscle (Fig 2D). 

In the heart, a few iNOS2 positive M1 macrophages were spotted in the spongiosum layer both 

at the peak in viremia (Fig. S2A) and at the peak in HSMI associated pathological changes (Fig. 

1A) and were localized particularly in aggregations of blood cells. iNOS2 stained cells were not 

found in the epi and compactum layers (Figs S2B, E). Several of the iNOS2 positive macrophages 

co-stained with PRV-1 (Fig 1B). Numerous Arg2 specific M2 type macrophages were detected in 

heart at both time points (Fig 1C, Fig. S2C), but with a more abundant appearance at 6 wpc. There 

was no staining of PRV-1 in Arg2 positive M2 macrophages (Fig. 1D, Fig S2D). In general, heart 

tissue from both time points had a lower number of M1 polarized macrophages compared to M2 

polarized macrophages, as estimated through FISH (Fig. 1, Fig S2). The FISH results were in 

accordance with the transcript expression levels observed by RT-qPCR where the iNOS2 

expression was low, while Arg2 expression was upregulated (approximately 11 folds, p< 0.01) in 

heart tissue at 6 wpc (Fig. 1G).  
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Figure 1. Fluorescent in situ hybridization (FISH) of iNOS2, Arg2 and PRV-1 (A-F) in heart tissue at the peak of HSMI (6 wpc). (A) A 
limited number of iNOS2 (red) positive M1 macrophages were detected. (B) Merged image showing modest co-localization of 
PRV-1 and iNOS2 (inset). (C) Widely distributed Arg2 (purple) positive M2 macrophages. (D) Merged image does not show co-
localization of PRV-1 and Arg2-positive M2 macrophages.  (E) Phase contrast image showing aggregated blood cells in the stratum 
spongiosum layer. (F) PRV-1 (green) infected cells amongst clustered blood cells. Cellular nuclei stained with DAPI (blue) (Scale 
Bar = 100 μm). (G) Relative fold change expression (medians) of iNOS2 and Arg2 at 4 wpc and 6 wpc normalized against EF1α 
expression. (*) shows significant difference from the control (** p < 0.01). 

 

In skeletal muscle tissue at 4 wpc, dispersed M1 and M2 macrophage populations were observed 

(Fig. S3). At 6 wpc there were few iNOS2 positive M1 macrophages detected around infected 

blood cells, but the majority of the M1 macrophages were negative for PRV-1 (Fig. 2B). A similar 

pattern was observed for Arg2 specific staining, with no co-localization of PRV-1 and Arg2 (Fig. 

2D). There was a low level of iNOS2 expression, however, the Arg2 level was upregulated at 4 

wpc (approximately 8 folds) but significantly upregulated at 6 wpc (6 folds, p<0.01) (Fig. 2G).  
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Figure 2. Fluorescent in situ hybridization (FISH) of iNOS2, Arg2 and PRV-1 (A-F) in skeletal muscle at the peak of HSMI (6 wpc). 
(A) Few iNOS2 (red) positive M1 macrophages were detected. (B) Merged image showing co-localization (yellow in inset) of PRV-
1 and iNOS2-positive M1 macrophages. (C) Sporadic presence of Arg2 (purple) positive M2 macrophages (D) Merged image does 
not show co-localization of PRV-1 and Arg2 (E) Phase contrast image showing aggregated blood cells in a vessel in the center. (F) 
A limited number of PRV-1 infected cells (green) were found (Scale Bar = 100 μm). (G) Relative fold change expression (medians) 
of iNOS2 and Arg2 at 4 wpc and 6 wpc normalized against EF1α. (*) show significant difference from the control (** p < 0.01). 

In non-infected control fish, Arg2 positive M2 macrophages were present in heart tissue but not 

found in skeletal muscle (Figs. S4, S5). No iNOS2 positive M1 macrophages were seen in neither 

heart nor skeletal muscle of these fish. 

2.2. Localization of CD8+ cells in heart  

A moderate level of CD8+ cells in the heart were detected at 4 wpc (Fig. S6) compared to very 

high numbers at 6 wpc (Fig. 3). CD8+ cells were abundant in the stratum spongiosum compared 

to epicardium and compactum layer. At 4 wpc, CD8+ cells localized around PRV-1 infected 

cardiomyocytes. No co-localization in the same cells was seen, but PRV-1 infected 

cardiomyocytes co-localizing with CD8+ cells was a typical feature. CD8+ cells were found widely 

distributed in the different heart regions at 6 wpc but were particularly abundant in areas with 



7 
 

dense PRV-1 staining and co-localized with the virus infected cells (Fig. 3C). CD8α gene expression 

showed a minor increase at 4 wpc (1.2 fold) but was significantly increased at 6 wpc (67 fold, p < 

0.01) (Fig 3D). Upregulation of CD8α in heart at 6 wpc correlated in time with a moderate decline 

in PRV-1 RNA levels (Figs. S15A, 3D).  

Granzyme A (GzmA) positive cells were prominent in heart tissue in areas with dense PRV-1 

staining (Fig 3C). GzmA transcripts were highly increased at 6 wpc (approximately 5000 folds, p < 

0.01), indicating increased cytotoxic activity (Fig 3E). 

Figure 3. Fluorescent in situ hybridization (FISH) of PRV-1, CD8α and GzmA in heart tissue at peak of HSMI associated 
histopathological changes (6 wpc). (A) Phase contrast image showing blood cells in the spongiosum. (B) Nuclei stained with DAPI 
(Blue). (C) Merged image showing co-localization of PRV-1 (green) with CD8+ (red) cells and cells expressing GzmA (purple) 
(arrows, yellow in inserts). GzmA stained cells were prominent in areas with dense PRV-1 staining (Scale Bar = 50 μm). (D-E) 
Relative fold change expression (medians) of CD8α and GzmA at 4 wpc and 6 wpc normalized against EF1α. Dots show outlier 
values in the respective group of fish. (*) shows significant difference from the control (*p < 0.05, ** p < 0.01). 
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In the skeletal muscle tissue, the number of CD8+ cells were almost negligible at 4 wpc (Fig. S7) 

and cells were sporadically present at 6 wpc (Fig. 4).  No co-localization of PRV-1 in CD8+ cells was 

detected (Fig 4C). Expression analysis showed a significant downregulation of CD8α expression 

level at 4 wpc (p < 0.05) but a slight upregulated expression level at 6 wpc (3-folds, not statistically 

significant) (Fig 4D). GzmA positive cells were sporadically present in skeletal muscle at 6 wpc, 

but no co-localization with PRV-1 was seen (Fig. 4C). Gene expression of GzmA showed significant 

upregulation at 6 wpc (15 folds, p < 0.01) (Fig. 4E).  

Figure 4. Fluorescent in situ hybridization (FISH) of CD8α, GzmA and PRV-1 in skeletal muscle at the peak of HSMI (6 wpc). (A) 
Phase contrast image showing structures of myocytes. (B) Nuclei stained with DAPI (Blue). (C) Merged image showing presence 
of PRV-1 (green) infected cell (arrowhead), and CD8+ cells (insets). Some cells were stained positive only for CD8α and GzmA 
specific transcripts (arrows) (Scale Bar = 50μm). (D-E) Relative fold expression (medians) of CD8α and GzmA at 4 wpc and 6 wpc 
normalized against EF1α. (*) shows significant difference from the control (*p < 0.05, ** p < 0.01). 
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2.3. PRV-1 in MHC-I positive and Th17 cells 

In heart, modest co-staining of PRV-1 and MHC-I expressing cells was observed throughout the 

tissue at both peak of infection (Fig. S8) and peak HSMI changes (Fig. 5). Within aggregated blood 

cells, PRV-1 partially co-localized in MHC-I positive cells both at 4 wpc (Fig. S8) and 6 wpc (Fig. 

5B). However, some MHC-1 expressing cells in the aggregated blood did not stain for PRV-1. 

Significant upregulation of MHC-I was detected at both 4 wpc (72 folds, p<0.01) and 6 wpc (93-

folds, p<0.01). 

The Th17 T-helper cells of Atlantic salmon produce the proinflammatory cytokine IL-17A [26-29]. 

In heart, specific staining showed the presence of a few IL17A-positive cells at both samplings, 

however, no co-localization pattern with PRV-1 was observed (Fig 5B), and gene expression 

analysis showed a slight downregulation (not statistically significant) inexpression of IL-17A in 

heart after PRV-1 infection (Fig S14). 

 

Figure 5. Fluorescent in situ hybridization (FISH) of PRV-1, MHC-I and IL-17A in heart tissue at peak of HSMI (6 wpc). (A) Phase 
contrast image showing an area with aggregated blood cells (star) in the spongiosum layer. (B) Merged image showing presence 
of PRV-1 (green) in cardiomyocytes and clotted blood cells, partially co-localizing with MHC-I (red) positive cells (insets). Some 
MHC-I positive cells in the aggregated blood did not co-stain for PRV-1 (arrow). IL-17A (purple) positive cells were sporadically 
scattered in the tissue (arrowhead). Nuclei stained with DAPI (Blue) (Scale Bar = 50 μm). (C) Relative fold change expression 
(medians) of MHC-I at 4 wpc and 6 wpc normalized against EF1α. Asterisk (*) shows significantly difference from the control ( ** 
p < 0.01).    

In skeletal muscle tissue MHC-I positive cells were dispersed between myocytes at 4 wpc (Fig. 

S9B) and 6 wpc (Fig. 6B). A few PRV-1 positive cells were also present, but none of these co-

localized with MHC-I positive cells. Expression analysis showed significant upregulation of MHC-

I at 6 wpc (27-folds, p<0.01) and correlated with a drop in the PRV-1 level. In contrast to the heart 
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tissue, no IL-17A specific transcripts could be detected in the skeletal muscle by FISH and RT-

qPCR. 

Figure 6. Fluorescent in situ hybridization (FISH) of PRV-1 and MHC-I in skeletal muscle at peak of HSMI associated 
histopathological changes (6 wpc). (A) Phase contrast image showing myocyte structure (B) Merged image showing MHC-I (red) 
positive cells (arrowheads) and PRV-1 (green) infected cells (arrow). Nuclei stained with DAPI (Blue) (Scale Bar = 50 μm). (C) 
Relative fold change expression (medians) of MHC-I at 4 wpc and 6 wpc normalized against EF1α. Dot sign shows outlier value 
from the respective fish group. (*) shows significantly difference from the control (*p < 0.05, ** p < 0.01). 

 

3. Discussion 

The aim of this study was to map the cellular immune responses in heart and skeletal muscle 

tissues from to PRV-1 infected fish by using FISH, targeting iNOS2 and Arg2 for M1 and M2 

polarized macrophages respectively, with additional detection of MHC-I, and IL-17A, CD8, and 

GzmA positive cells. The focus was put on the peak of virus load (4 wpc) and the peak of 

histopathological changes in heart (6 wpc), using material from a previously performed PRV-1 

experimental challenge. In accordance with the relative limited pathological changes of the 

skeletal muscle, the findings were in general more pronounced in heart, however the findings in 

the two organs were in accordance with each other. 

We found that the Arg2-positive, tissue repair associated M2 type macrophages were the 

dominant type of macrophages in heart tissue both at 4 wpc and at 6 wpc. On the other hand, 

HSMI affected heart tissue showed a low presence of the classically activated M1 macrophage 

phenotype, based on iNOS2 staining. These results were corroborated by mRNA expression 

analyses by RT-qPCR. We did not observe presence of PRV-1 in M2 macrophages, and only a 

limited number of the M1 macrophages stained for PRV-1.  
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Contrasting these findings is the dominance of PRV-1 infected, pro-inflammatory M1 polarized 

macrophages recently reported from the early stages of melanized focal changes in skeletal 

muscle of Atlantic salmon [23] In the later stages of the melanized focal changes the anti-

inflammatory M2 phenotype dominates, but still many of these M2 cells are PRV-1 infected [23].  

In the present study, many tissue repair associated M2 macrophages were found in heart tissue 

both at 4 wpc and 6 wpc. At 4 wpc the histopathological changes had not yet developed in the 

heart, and FISH of hearts from naive fish showed that they also harbored M2 positive cells. That 

heart tissues harbor a large number of M2 macrophages is in line with previous findings [13], and  

indicate the potential of the heart for healing via macrophage mediated repair mechanism [30]. 

The presence of self-renewing tissue macrophages, seeded during embryonic hematopoiesis, 

makes the repair of heart tissue in fish a well-organized process [31]. The macrophage M1 and 

M2 polarization is a dynamic process [32], and in line with this the pro-inflammatory M1 

phenotype dominates early in the pathogenesis of melanized focal changes in skeletal muscle 

while the M2 phenotype dominates in the late stages [23]. Both macrophage phenotypes can be 

infected by PRV-1 [23]. The M1 macrophages with their high production of iNOS2 enzyme are 

inducers of melanin production [33], and in HSMI hearts there are only sporadic tiny patches of 

melanin present. The M2 macrophages found in heart were not stained for PRV-1 RNA, i.e. there 

was no indication of PRV-1 infection of this cell type in HSMI. Together this indicate a lack of a 

prominent role of M1 and M2 macrophages in the heart pathogenesis in HSMI.  It is speculative 

whether the differences in pathogenesis of HSMI and melanized spots are caused by properties 

of the virus strain, i.e. different strains of orthoreovirus has been shown to vary in their ability to 

productively infect macrophages [34]; or of the tissue, i.e. heart tissue versus white skeletal 

muscle have differences in resident and recruited macrophage population; or of this is a 

difference accociated with acute versus persistent infection. 

The co-localization of PRV-1 infected cells with CD8+ cells and co-staining of PRV-1 with MHC-I 

positive cells by FISH assays enhanced the understanding of the pathogenesis of HSMI. Expression 

analysis supported the in situ expression of CD8+ cell marker and highly upregulated CD8α 

expression was detected in heart, as in line with earlier studies [35]. Specific targeting of the 

infected cells by cells producing GzmA was seen by co-localization with PRV-1 infected cells. 
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GzmA  specific transcripts are primarily produced by CD8+  T-cells, but can also be detected in 

natural killer cells [36]. In contrast to heart, skeletal muscle tissue exhibited moderate recruitment 

of CD8+ cells and these did also not co-localize with PRV-1 infected cells.  

Atlantic salmon erythrocytes show high expression of MHC-I after PRV-infection [37]. MHC-I 

expressing cells also positive for PRV-1 were abundant and found associated with high numbers 

of GzmA positive cells. This finding suggests that antigen presentation to cytotoxic T cells is 

important for the elimination of PRV-1 from the heart. The high number of M2 macrophages 

indicates a rapid recovery of the heart tissue. The PRV-1 level correlated inversely with high CD8+ 

cell activity and MHC-I expression in heart.  

4. Conclusion 

The combination of FISH and RT-qPCR analysis confirmed that a strong CD8+ mediated immune 

response is important in the pathogenesis of HSMI, and demonstrated the co-localization of PRV-

1 infected, MHC-I positive cells with CD8 and Granzyme A-positive cells in heart. The results did 

not indicate a prominent role of M1 polarized macrophages in the initial development of HSMI 

in Atlantic salmon, however the large population of M2 polarized macrophages resident in heart 

tissue indicates a prominent role of these cells in the rapid recovery of this organ after HSMI.  
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5. Materials and methods 
 

5.1. Selection of the material 

Material from a previously published PRV-1 challenge experiment were used in the present study 

[2]. In the previous study Atlantic salmon smolts had been injected with purified PRV-1 particles 

(2.3x106 copies/fish). PRV-1 level had been monitored by RT-qPCR previously for each individual 

fish as described earlier [2]. The fish reached peak viral load 4 weeks post challenge (wpc) and 

peak histopathological lesions at 6 wpc were consistent with HSMI. Tissue samples from heart (n 

= 6) and skeletal muscle (n = 6) were selected from 4 wpc and at 6 wpc for gene expression 

analysis. Non-infected fish at 4 wpc (n = 3) and 6 wpc (n = 3) were included as negative controls. 

Samples for fluorescent in situ hybridization analysis included heart and skeletal muscle samples 

from one fish at 4 wpc representing peak virus load with low cardiac score (cardiac score of 0.1, 

scale 0-3) and one fish at 6 wpc representing peak histopathological score (cardiac score of 2.6, 

scale 0-3). Tissue from a non-infected fish of the control group was used as negative control. 

5.2. RNA isolation and RT-PCR 

Total RNA had been extracted from the heart and skeletal muscle tissues (n = 6) as previously 

described [2]. For the present study, cDNA was synthesized from 1 μg total RNA from each tissue 

by using Quantitect Reverse Transcription Kit (Qiagen). Manufacturer’s guidelines were followed 

for the elimination of genomic DNA by adding Wipeout buffer (7x) and for the incubation at 42 

°C for 30 min with RT master-mix that includes reverse transcriptase enzyme and RNase inhibitor. 

A 12 μl reaction volume (15 ng cDNA input) was used for quantitative PCR using Maxima SYBR 

Green/ROX qPCR Master Mix (2x)-K0253 (Thermo Fisher Scientific). Thermal cycling conditions 

were set with initial denaturation for 10 min/95°C and 40 cycles of amplification with 15 sec/95 

°C, 30 sec/60 °C and 30 sec/72 °C. The PRV-1 load had been examined in the previous study [2]. 

Melting curve analysis were performed to determine assay specificity.  No template control (NTC) 

was run as a negative control on each plate. Elongation factor (EF1α) was run as a reference gene 

[38]. Cut off value was set at Ct 35 [39]. Relative fold change was measured for the genes of interest 

against the reference gene (EF1α) and the non-infected group (control). Specific primers 

targeting different genes were used for their amplification (Table 1).  
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Table 1. List of primers used in quantitative PCR analysis 

 

5.3. Statistical analysis 

Relative fold change (2- ΔΔCt formula) medians of gene expression level was compared between 

control and infected groups of fish. Nonparametric Mann-Whitney test was applied to a low 

sample size in each group. Graphpad Prism version 9.0 (Graphpad Software Inc., La Jolla, CA, USA) 

was used for data analysis and graph layouts. A p-value ≤ 0.05 was considered as significantly 

different from the control. 

5.4. Histopathological examination 

Hispathological  examination of heart and skeletal muscle tissues was performed to ensure that 

the selection criteria mentioned above were followed [2]. Imaging was performed using bright 

field microscope system (Carl Zeiss Light Microscopy System with Axio Imager 2 - Carl Zeiss AG, 

Oberkochen, Germany). 

 

Genes of 

interest 
Primer Concentration Sequence (5’-3’) 

Product Size 

(bp) 
Accession No. 

iNOS2 [23] 
Fwd 

400 nM 
CATCGGCAGGATTCAGTGGTCCAAT 

135 XM_014214975.1 
Rev GGTAATCGCAGACCTTAGGTTTCCTC 

Arg2 [23] 
Fwd 

400 nM 
CCTGAAGGACTTGGGTGTCCAGTA 

109 XM_014190234.1 
Rev CCGCTGCTTCCTTGACAAGAGGT 

MHC Class I [40] 
Fwd 

400 nM 
CTGCATTGAGTGGCTGAAGA 

175 AF504022 
Rev GGTGATCTTGTCCGTCTTTC 

CD8α [41] 
Fwd 

400 nM 
CACTGAGAGAGACGGAAGACG 

174 AY693393 
Rev TTCAAAAACCTGCCATAAAGC 

GzmA [41] 
Fwd 

400 nM 
GACATCATGCTGCTGAAGTTG 

81 BT048013 
Rev TGCCACAGGGACAGGTAACG 

IL-17A [28] 
Fwd 

400 nM 
TGGTTGTGTGCTGTGTGTCTATGC 

136 XM_014211192 
Rev TTTCCCTCTGATTCCTCTGTGGG 

EF1α [38]  Fwd 
500 nM 

TGCCCCTCCAGGATGTCTAC 
57 BG933897 

 Rev CACGGCCCACAGGTACTG 
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5.5. Multiplex-Fluorescent in situ hybridization (FISH) 

Pretreatment of samples 

Formalin fixed, paraffin embedded (FFPE) tissue sections (5 μm thickness) from heart and skeletal 

muscles tissues as selected earlier from fish with HSMI, were mounted using Superfrost plus 

(Thermo Fisher Scientific) slides. Sections were baked at 60 °C for 2 hrs in HybEZ™ II oven 

(Advanced Cell Diagnostics, catalog #321720) prior to deparaffinization with absolute ethanol 

(100 %) and fresh xylene. Initial blocking was done with hydrogen peroxide for 10 min at room 

temperature (RT). RNAscope antigen retrieval reagent (Advanced Cell Diagnostics, catalog 

#322000) was used for sections boiling for 15 min at 99 °C and further incubated with RNAscope 

protease plus reagent for 15 min at 40 °C in the HybEZ™ II oven as per manufacturer guidelines. 

Immedge hydrophobic barrier pen (Vector Laboratories, Burlingame, CA) was used to make 

hydrophobic barrier around tissue areas over slides for further probe hybridization procedures. 

Multiplex in situ probes hybridization 

Simultaneous detection multiple RNA targets were performed using RNAscope® Multiplex 

fluorescent V2 assay kit (Advanced Cell Diagnostics catalog #323100). Individual specific 

RNAscope probes (Listed in Table 2) were designed against PRV-1 L3 segment (Advanced Cell 

Diagnostics catalog #537451); iNOS2 (Advanced Cell Diagnostics catalog #548391); Arg2 

(Advanced Cell Diagnostics catalog #548381) CD8α (Advanced Cell Diagnostics catalog  #836821); 

Granzyme A (Advanced Cell Diagnostics catalog #836841); MHC-I (Advanced Cell Diagnostics 

catalog #836831) and IL-17A (Advanced Cell Diagnostics catalog #836861). Peptidylpropyl 

Isomerase B- (PPIB) (Advanced Cell Diagnostics, catalog #494421) was taken as a positive control 

for RNA integrity of the samples and dihydrodipicolinate reductase (DapB) from Bacillus subtilis  

(Advanced Cell Diagnostics catalog #310043) was taken as a negative control for cross-reactivity 

and background. 

As per manufacturer’s instructions, all probes were mixed and hybridized to each section for 2 

hrs at 40 °C in the HybEZ™ II oven. Signal amplification was done by applying series of amplifier 

reagents (Amp1-Amp3) included in the kit. A 1:1500 diluted Opal fluorophores (Akoya 

Biosciences, CA, United States) in tyramide signal amplification (TSA) buffer (Advanced Cell 
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Diagnostics catalog #322809) were assigned separately to each probe with different excitation 

and emission spectrum to produce a specific output signal.  RNAscope® multiplex Fluorescent 

Detection Reagents v2 (catalog #323110) were used to develop and block each probe 

sequentially. DAPI (fluorescent DNA stain) was used as a counter stain for 30 sec at RT. About 1-

2 drops of Prolong Gold antifade mounting reagent (Thermo Fisher Scientific) were used to 

mount cover slides. Confocal microscopy was performed using TCS SP8 gSTED confocal 

microscope (Leica microsystems GmbH, Mannheim, Germany). 

Table 2. List of probes used in FISH assays. 

*Channel indicates excitation and emission properties for the specific fluorophores. Accession 
numbers: PRV-L3- KY429945; PPIB- NM_001140870; DapB- EF191515. For the other genes the 
acc. nos. are listed in Table 1. 

 

 

  

Probe Target Region (bp) Fluorophores 
Emission/Excitation 

Wavelength (nm) 

Channel* 

Target 

PRV-L3 415–1379 Opal 520 (FP1487001KT) 494/525 C1 

iNOS2 2–949 Opal 620 (FP1495001KT) 588/616 C2 

Arg2 1332–2053 Opal 690 (FP1497001KT) 676/694 C3 

CD8α 8-1033 Opal 620 (FP1495001KT) 588/616 C2 

GzmA 3-1088 Opal 690 (FP1497001KT) 676/694 C3 

MHC-I 2-2321 Opal 620 (FP1495001KT) 588/616 C2 

IL-17A 86-486 Opal 690 (FP1497001KT) 676/694 C3 

Control 
PPIB 20–934 Opal 520 (FP1487001KT) 494/525 C1 

DapB 414–862 Opal 520 (FP1487001KT) 494/525 C1 
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Supplementary Figures 

 

Figure S1. Histopathological overview of heart (A-B) and skeletal muscle (C-D) tissues at 4 and 6 wpc. (A) Heart section without 
any cardiac lesions at 4 wpc. (B) Severe cardiac lesions at 6 wpc in all three layers of the heart (arrowheads). (C) Intact and 
conformed myocytes with seldom presence of melanin (shown in inset). (D) Overall, mild degeneration with presence of small 
hemorrhages (shown in inset) with thin melanin deposits (arrowhead). Scale bar = 50 μm 
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Figure S2. Fluorescent in situ hybridization (FISH) of iNOS2, Arg2 and PRV-1 in HSMI (Heart) at 4 wpc. (A) Few iNOS2 (red) positive 
M1 macrophages were detected. (B) Merged image showing co-localization of some PRV-1 in M1 macrophages (insets). (C) 
Widely distributed Arg2 (purple) positive M2 macrophages. (D) Merged image showing no co-localization of PRV-1 in M2 
macrophages. (E) Phase contrast image showing all different layers of the heart i.e. epicardium (white arrow), compactum (black 
arrowhead) and spongiosum (white arrowhead). (F) PRV-1 (green) infected cells scattered in all different layers of the heart. 
Nuclei stained with DAPI (blue). Scale Bar = 100 μm 

 

Figure S3. Fluorescent in situ hybridization (FISH) of iNOS2, Arg2 and PRV-1 in HSMI (skeletal muscle) at 4 wpc (A) Phase 
contrast image showing structure of myocytes. (B) Merged image showing PRV-1 infected cells (arrows) surrounded by M1 
(arrowheads) and M2 macrophages (dotted circle). No co-localization of PRV-1 was observed in these cells. Scale bar = 100μm 
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Figure S4. Skeletal muscle tissue from un-infected fish at 4 wpc from the control group of the HSMI experimental challenge trial 
(A) showing no PRV-1 (green) detection. (B) no iNOS2 (red) positive cells (M1) were detected. (C) No Arg2 (purple) positive cells 
(M2) were detected. (D+E) Nuclei were stained with DAPI (blue) and phase contrast image shows myocytes. Scale bar = 100μm 

 

 

 

Figure S5. Heart tissue from un-infected fish at 4 wpc from the control, group of the HSMI experimental challenge study (A) 
showing no PRV-1 (green) detection. (B) no iNOS2 (red) positive cells (M1). (C) showing cellular structures in phase contrast 
image. (D) Cellular nuclei were stained with DAPI (blue). (E+F) showing very few Arg2 (purple) positive cells in the heart (insets). 
Scale bar = 100μm 
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Figure S6. Fluorescent in situ hybridization (FISH) of PRV-1, CD8α and GzmA in HSMI (Heart) at 4 wpc (A) Phase contrast image 
showing structure of epi- (e), myo- (m) and spongiosum layer. (B) Merged image showing no-colocalization of PRV-1 (green) but 
presence of few CD8+ (red) cells at the infected site (inset), whereas granzyme A (purple) specific transcripts are distributed in 
other cell populations as well.  Scale bar = 100 μm 

 

 

 

 

Figure S7. Fluorescent in situ hybridization (FISH) of PRV-1, CD8α and GzmA in HSMI (skeletal muscle) at 4 wpc (A) Phase contrast 
image showing myocytes structure. (B) Merged image showing PRV-1 (green) infected cells (inset) and sporadic presence of 
granzyme A (purple) specific cells (arrows). No CD8+ cells (red) were detected in various regions at 4 wpc. Scale bar = 100 μm 
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Figure S8. Fluorescent in situ hybridization (FISH) of PRV-1, MHC-I and IL-17A in HSMI (Heart) at 4 wpc (A) Phase contrast image 
showing structure of epi- (e), compactum (c) and spongiosum layer. (B) Merged image showing partial co-localization of PRV-1 
(green) in MHC-I (red) positive cells. Very few IL-17A (purple) specific transcripts were detected (inset). Scale bar = 100 μm  

 

 

 

 

Figure S9. Fluorescent in situ hybridization (FISH) of PRV-1, MHC-I and IL-17A in HSMI (skeletal muscle) at 4 wpc. (A) Phase 
contrast image showing myocytes structure. (B) Merged image showing PRV-1 (green) infected cells (inset) surrounded by 
MHC-I (red) cells. Scale bar = 100 μm 

 

 



26 
 

 

Figure S10. Positive control for Fluorescent in situ hybridization (FISH) assay in the heart tissue (4 wpc). (A) PPIB (green) 
punctuated expression (inset) is detected in various cells (arrowheads). Nuclei stained with DAPI (blue). (B+C) Channel-2 (red) 
and 3 (purple) were unstained and no signal detected. Scale bar = 50μm 

Figure S11. Positive control for Fluorescent in situ hybridization (FISH) assay in the skeletal muscle tissue (4 wpc). (A) PPIB (green) 
punctuated expression (inset) is detected in various cells (arrowheads). Nuclei stained with DAPI (blue). (B+C) Channel-2 (red) 
and 3 (purple) were unstained and no signal detected. Scale bar = 50μm 
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Figure S12. Negative control for Fluorescent in situ hybridization (FISH) assay in the heart tissue (4 wpc). (A) Cellular nuclei 
stained with DAPI (blue). (B) No detection of DapB (green) staining. (C+D) No signal detected in unstained channel-2 (red) and 
channel-3 (purple). Scale bar = 50 μm 

 

 

Figure S13. Negative control for Fluorescent in situ hybridization (FISH) assay in the skeletal muscle tissue (4 wpc). (A) Cellular 
nuclei stained with DAPI (blue). (B) No detection of DapB (green) staining. (C+D) No signal detected in unstained channel-2 (red) 
and channel-3 (purple). Scale bar = 50 μm 
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Figure S14. Relative fold change expression (medians) of IL-17A at 4 wpc and 6 wpc in the heart tissue normalized against EF1α. 

 

Figure S15. RT-qPCR data of the selected samples showing median (line) PRV-1 level (red) in (A) heart and (B) skeletal muscle 
tissues at peak viral load (4 wpc) and peak pathological changes (6 wpc). Uninfected fish from each timepoint was included as a 
control fish.  
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Abstract: Heart and skeletal muscle inflammation (HSMI), caused by infection with Piscine orthoreovirus-1
(PRV-1), is a common disease in farmed Atlantic salmon (Salmo salar). Both an inactivated whole virus
vaccine and a DNA vaccine have previously been tested experimentally against HSMI and demonstrated
to give partial but not full protection. To understand the mechanisms involved in protection against HSMI
and evaluate the potential of live attenuated vaccine strategies, we set up a cross-protection experiment
using PRV genotypes not associated with disease development in Atlantic salmon. The three known
genotypes of PRV differ in their preference of salmonid host species. The main target species for PRV-1 is
Atlantic salmon. Coho salmon (Oncorhynchus kisutch) is the target species for PRV-2, where the infection
may induce erythrocytic inclusion body syndrome (EIBS). PRV-3 is associated with heart pathology and
anemia in rainbow trout, but brown trout (S. trutta) is the likely natural main host species. Here, we tested
if primary infection with PRV-2 or PRV-3 in Atlantic salmon could induce protection against secondary
PRV-1 infection, in comparison with an adjuvanted, inactivated PRV-1 vaccine. Viral kinetics, production
of cross-reactive antibodies, and protection against HSMI were studied. PRV-3, and to a low extent PRV-2,
induced antibodies cross-reacting with the PRV-1 σ1 protein, whereas no specific antibodies were detected
after vaccination with inactivated PRV-1. Ten weeks after immunization, the fish were challenged through
cohabitation with PRV-1-infected shedder fish. A primary PRV-3 infection completely blocked PRV-1
infection, while PRV-2 only reduced PRV-1 infection levels and the severity of HSMI pathology in a few
individuals. This study indicates that infection with non-pathogenic, replicating PRV could be a future
strategy to protect farmed salmon from HSMI.

Keywords: heart and skeletal muscle inflammation; Piscine orthoreovirus; vaccine; atlantic salmon;
antibodies; immune response

1. Introduction

Infections represent a constant challenge and threat against fish health and welfare
in aquaculture. Modern farming of Atlantic salmon (Salmo salar) is characterized by high-
density populations, rapid growth, short production cycles, and artificial adaptation to
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sea water. This life cycle does not ensure natural pathogen exposure in early life or the
natural training of the fish innate immune system [1]. When transferred to the sea, the
untrained immune system may not be ready to handle the novel repertoire of pathogens.
High-density populations increase infection pressure, and transportation and handling
procedures increase disease susceptibility due to stress [2]. In Atlantic salmon aquaculture,
vaccines have been effective in protecting the fish from many diseases, but several viral
diseases remain unsolved challenges [3]. One of the viral diseases of concern in European
Atlantic salmon aquaculture is heart and skeletal muscle inflammation (HSMI) caused by
Piscine orthoreovirus (PRV) [4,5].

PRV particles are non-enveloped with a double-layered protein capsid and a seg-
mented double-stranded RNA genome [6]. PRV is a common virus infection in salmonids,
and PRV-1 is the genotype associated with HSMI in farmed Atlantic salmon [5,7]. PRV
is ubiquitous in the sea water phase of salmonid aquaculture [8] and is also emerging
in fresh water facilities. However, PRV-1 is found to a lower extent in salmonids in the
wild [9,10]. PRV-1 was first described in 2010 [4], whereas HSMI emerged in Norway and
Scotland a decade earlier [11,12]. The causality between PRV-1 and HSMI was proven
experimentally in 2017 using highly purified virus to induce disease [5]. PRV-1 is proposed
to infect Atlantic salmon via the intestinal tract [13], followed by a massive infection of red
blood cells and high plasma viremia [14,15]. Following the peak infection in red blood cells,
the virus infects cardiomyocytes, which may result in an inflammatory response dominated
by cytotoxic T-cells in the heart [16,17]. This inflammatory response is a hallmark of HSMI.
In Atlantic salmon populations, the disease usually gives a moderate mortality that in
severe cases may accumulate to 20% [11]. The relative high frequency of outbreaks makes
HSMI a significant problem for the salmon farming industry. The PRV-1 infection becomes
persistent in Atlantic salmon, and based on PRV prevalence in farm escapees [10], near
90% of Norwegian farmed salmon are PRV-infected in the marine phase, while near 100%
of a small number of escaped Atlantic salmon were reported infected in Washington and
British Columbia [18]. The long-term effects of PRV-1 infection are disputed, but the virus
has been associated with the worsening of black spots in the skeletal muscle [19], a signif-
icant quality problem for the salmon production industry. This association is, however,
disputed [20]. PRV-1 is also found in Canadian aquaculture, but few cases of HSMI have
been reported [21], and HSMI has not been reproduced experimentally using Canadian
isolates [22–24]. Different PRV-1 isolates with genetic variation have been shown to differ
in the ability to induce HSMI [7]. PRV-1 has also been reported to infect other salmonid
species [25].

Two additional genotypes of PRV, PRV-2 and PRV-3, have been described. They both
infect salmonids, but with a different ability to infect and cause disease in the various
salmonid species. PRV-2 infects coho salmon (Oncorhynchus kisutch) in Japan, causing
erythrocytic inclusion body syndrome (EIBS) [26]. The main host species of PRV-3 may
be wild brown trout (S. trutta) [27], but disease has only been found in farmed rainbow
trout (O. mykiss), where PRV-3 is associated with heart inflammation and anemia [28–30].
Nucleotide alignment shows 80% (PRV-2) and 89% (PRV-3) identity to PRV-1 [31]. PRV-3
has previously been shown to infect Atlantic salmon experimentally, but without induc-
ing HSMI [29]. Current information on PRV subtypes and distribution was recently
reviewed [32].

No vaccines have been marketed against HSMI, but two different experimental vac-
cination approaches have been published. An inactivated whole virus vaccine, based
on purified virus, was shown to give partial protection against HSMI, but less efficient
protection against infection and virus replication [33]. Although promising, this approach
has been hampered by the problem of producing PRV-1 for vaccine development, as no cell
lines efficiently produce viral progeny [34]. A DNA vaccine approach has also been tested,
and partial protection against HSMI was reported for a vaccine combining non-structural
PRV-1 proteins with outer capsid antigens [35]. Although with some protective effects
against HSMI, none of these vaccines have been able to block PRV-1 infection.
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PRV-1 infection has been reported to induce strong innate antiviral responses in
infected red blood cells [36]. Expression analysis of adaptive immune response genes
has indicated that both humoral and cellular responses are induced [37], and it has been
shown that infected fish produce specific antibodies against the outer capsid spike protein
σ1 [38], predicted to be the receptor-binding protein [39]. The cellular immune response
initiated by PRV-1 in Atlantic salmon is strongly associated with HSMI development,
and the typical HSMI myocarditis is dominated by an influx of cytotoxic T-cells [16,17].
However, this response is also associated with virus eradication from heart tissue, making
cellular immunity a two-edged sword in HSMI [16,40].

The purpose of this study was to determine if PRV-2 or PRV-3 infection in Atlantic
salmon could provide protection against a consecutive PRV-1 infection and HSMI. We
compared the protection induced by PRV-2 and PRV-3 to an inactivated PRV-1 vaccine, and
characterized immune responses, including the production of cross-reactive PRV-specific
antibodies. The results show that PRV-3 infection in Atlantic salmon, in contrast to PRV-2,
blocks a secondary infection with PRV-1, and that cross-protective antibodies may be one
of the mechanism involved.

2. Materials and Methods
2.1. Experimental Trial and Sampling

The trial was performed at the Aquaculture Research station at Kårvika, Troms,
Norway, approved by the Norwegian Animal Research Authority, and performed in
accordance with the recommendations of the current animal welfare regulations: FOR-
1996-01-15-23 (Norway).

The PRV-1 infection material was prepared from two frozen blood cell pellets (−80 ◦C)
with PRV-1 qPCR ct values of 17.6 and 16.4, harvested from a PRV-1-infected Atlantic
salmon from a previous experimental trial [5]. The virus isolate (PRV-1 NOR2012-V3621 [5])
originated from an HSMI outbreak in mid-Norway in 2012 and had been passaged in prior
experimental trials, all resulting in HSMI. The PRV-3 infection material was a blood pellet
that originated from a Norwegian outbreak in 2014 (PRV-3 NOR2014, [28]) and has been
passaged twice experimentally in rainbow trout [30]. The mock-blood cell lysate originated
from control fish from an Atlantic salmon experimental trial. The blood cell lysate from
PRV-1, PRV-3 and mock was prepared by diluting the blood pellet (plasma removed prior
to freezing) 1:10 in L15-medium, sonicating five times at 20 kHz for 10 s with 1 min rest in
between and centrifuging at 3000× g for 10 min before the collection of the supernatant.
The PRV-2 infection material (PRV-2, [26]) originated from a frozen spleen sample from
a Coho salmon. The tissue sample was homogenized in L15 medium as described for
the blood pellets. The inactivated PRV-1 material was prepared from a batch of purified
PRV-1 particles (PRV-1 NOR2012, 5.35 × 109 copies /mL) by PHARMAQ AS, as described
in a previously published trial [33]. In short, the batch was formalin-inactivated and
prepared as a water-in-oil formulation where the water phase (containing PRV antigens)
was dispersed into a mineral oil continuous phase containing emulsifiers and stabilizers.

At the start of the trial, a total of 630 fish (Salmo salar L) were divided into four
experimental groups of 75 fish and one mock control group of 125 fish, while 190 naïve fish
from the same group were kept for use as transmission controls and future virus shedders.
The experimental fish were kept in freshwater (10 ◦C, 24:0 light:dark cycle, >90% O2) and
injected intraperitoneally (ip) with 0.2 mL of immunization material described above. Eight
fish were sampled prior to Injection Week 0, and from each of the five experimental groups
Week 2 and 5. Five weeks after the start of the experiment, 12 naïve fish labelled by tattoo
pen were added to each of the tanks containing fish infected with PRV-1, PRV-2 and PRV-3
to monitor transmission of virus. At Weeks 8 and 10, eight experimental fish and six
transmission control fish were sampled from each of these groups. At Week 8, 140 naïve
fish in a separate tank were injected ip with 0.2 mL of a newly prepared batch of PRV-1
blood cell lysate (PRV-1 NOR2012, same origin and preparation method) and left for two
weeks. After Sampling Week 10, 35 fish remained in each of the experimental groups, and
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70 fish in the mock-infected control group. The mock group fish were divided into two
tanks of 35 fish each, and three experimental tanks (PRV-2, PRV-3, InactPRV-1) and one of
the mock-tanks were added to an equal number (35) of tattoo-labelled pre-infected PRV-1
shedder fish. No shedders were added to the original PRV-1 tank, and the other mock
group was kept as a negative control. The number of tanks included in the experiment was
now 6, and eight fish from each group were sampled on Weeks 12, 15 and 18. No fish died
during the experiment.

At each sampling, blood was drawn from the caudal vein on BD Medical Vacutainer
heparin-coated tubes (BD Medical, Mississauga, ON, USA). Hearts were sampled on 10%
formalin for histology and samples from the heart tip and spleen were sampled on 0.5 mL
of RNALater (Qiagen, Hilden, Germany) in separate bar-coded microtubes (FluidX Ltd.,
Manchester, UK) along with additional organ samples not analyzed here. Blood samples
were stored at 4 ◦C for a maximum of 6 h, centrifuged (3000× g for 5 min at 4 ◦C), and
plasma and cell pellets were separated into different microtubes and stored at −80 ◦C.
RNALater samples were stored at 4 ◦C for 24 h followed by freezing at −20 ◦C. Formalin
samples were stored at RT for 24 h, after which formalin was changed to 70% ethanol, and
thereafter stored cold (4 ◦C).

2.2. RNA Preparation and RT-qPCR for Virus and Host Response Gene Analyses

Tissue samples from the spleen and heart (25 mg) on RNALater (Qiagen) were trans-
ferred to 0.65 mL Qiazol lysis reagent (Qiagen) with a 5 mm steel bead and homogenized
in a TissueLyzer II (Qiagen) for 2 × 5 min at 25 Hz followed by chloroform inclusion, and
the aqueous phase was collected. RNeasy Mini QIAcube Kit (Qiagen) was used as per the
manufacturer guidelines for automated RNA isolation. RNA concentrations were quanti-
fied using the Nanodrop ND-100 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). RNA was eluted in RNase-free water and stored at −80 ◦C until further use.
For the PRV subtype expression analysis, i.e., PRV-1 and PRV-3, one-step RT-qPCR was
performed using an Agilent Brilliant III Ultra Fast kit (Agilent Technologies, Santa Clara,
CA, USA) with 100 ng (5 μL of 20 ng/μL) RNA per reaction in duplicates of 15 μL total
reaction volume. The template was previously denatured at 95 ◦C for 5 min. Cycling
parameters were set to 10 min for 50 ◦C, 3 min at 95 ◦C, and 40 cycles for 5 s at 95 ◦C
and 10 s at 60 ◦C. The cut-off value was set to 35 and samples were run with positive
and no template controls (NTC). For PRV-2 expression analysis, a Quantitect SYBR Green
(Qiagen) RT-qPCR kit (catalogue number 204243) was used according to manufacturer
instructions. A total of 100 ng RNA with prior denaturation at 95 ◦C for 5 min was used
in duplicates in 15 μL of total reaction volume. Thermal conditions were 50 ◦C for 30
min, 95 ◦C for 15 min, and 40 cycles with 94 ◦C for 15 s, 60 ◦C for 30 s and 72 ◦C for 30 s.
Specificity of the assay was confirmed by melting curve analysis. The same threshold level
and positive controls were used together with NTCs. Probes and primer sequences are
given in Supplementary Table S1.

For Immune gene expression, 400 ng total spleen RNA per sample was reverse tran-
scribed to cDNA using the QuantiTect Reverse Transcription Kit with gDNA wipeout
buffer (Qiagen). For qPCR, cDNA corresponding to 5 ng RNA was analyzed with Sso
Advanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) and 10 pmol
of forward and reverse target-specific primers in a 10 μL volume in duplicate wells on a
384 well plate. The amplification program (15 s 95 ◦C, 30 s 60 ◦C) was run for 40 cycles
in a CFX Touch Real-Time PCR Detection System (Bio-Rad), followed by a melt point
analysis. The results were analyzed using the software CFX Manager, version 3.1.1621.0826.
The expression cycle threshold level was normalized against the elongation factor (EF) 1α
reference gene (ΔCt). The ΔΔCt method was used to calculate relative expression levels
and fold induction compared to samples from the uninfected control samples.
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2.3. Bead-Based Immunoassay

MagPlex®-C Microspheres (Luminex Corp., Austin, TX, USA) #12, #21, #27, #29, #34,
#36, #44, #62 and #64 were coated with antigens using the Bio-Plex Amine Coupling
Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The N-
Hydroxysulfosuccinimide sodium salt and N-(3-Dimethylaminopropyl)-N’-ethylcarbod
used for the coupling reaction were from Sigma-Aldrich. For each coupling reaction, 6-24 μg
of recombinant protein was used. The proteins used were recombinant PRV μ1l [41], lipid-
modified PRV σ1 (LM-PRVσ1), unmodified infectious salmon anemia virus fusion protein
(ISAV-FP), and lipid-modified ISAV-FP (LM-ISAV-FP) [39]. The bead concentrations were
determined using the Countess automated cell counter (Invitrogen, Carlsbad, CA, USA).
Coupled beads were stored in black Eppendorf tubes at 4 ◦C for up to 10 weeks. Incubations
were performed at room temperature and protected from light on a HulaMixer rotator
(Thermo Fisher Scientific) at 15 rpm.

The immunoassay was performed as described earlier (8). Briefly, Bio-Plex Pro™ Flat
Bottom Plates (Bio-Rad) were used. Beads were diluted in phosphate buffered saline (PBS)
containing 0.5% bovine serum albumin (BSA) (Bio-Rad Diagnostics GmbH, Dreieich, Germany)
and 0.05% azide (Merck, Darmstadt, Germany) (PBS+) and 2500 beads of each bead number
were added to each well. AntiSalmonid-IgH monoclonal antibody (clone IPA5F12, Cedar-
lane, Burlington, ON, Canada) diluted 1:400 in PBS+ was used as an unconjugated anti-IgM
heavy chain monoclonal antibody. Biotinylated goat AntiMouse IgG2a antibody (Southern
Biotechnology Association, Birmingham, AL, USA) diluted 1:1000 in PBS+ was used as a sec-
ondary antibody, and Streptavidin-PE (Invitrogen) diluted 1:50 in PBS+ was used as the reporter
flourochrome. Plates were read using two different Bio-Plex 200 (Bio-Rad) machines as part
of a validation plan. The DD-gate was set to 5000–25,000, and between 20 and 100 beads from
each population were read from each well. The reading was carried out using a low (standard)
photomultiplier tube (PMT) setting. The results were analyzed using the Bio-Plex Manager 5.0
and 6.1 (Bio-Rad). All samples were analyzed in duplets on each of the two different Bio-Plex
200 (Bio-Rad) machines. The data used originated from one machine, but no differences were
observed during validation. The data were given in mean fluorescence intensity (MFI), based on
secondary antibody binding to beads, and were corrected for binding to control beads without
antigen: MFI (antigen-containing beads) −MFI (control beads) = MFI (sample data).

2.4. Histopathology

Formalin-fixed hearts were paraffin embedded and routinely processed. The sections,
3–4 μm, were stained with hematoxylin and eosin (H&E, Merck, Kenilworth, NJ, USA) and
studied under microscope. The slides from Experimental Weeks 15 and 18 (n = 96) were
blinded to the study groups and scored by an experienced fish pathologist using a visual
analogue scale from 0 to 3 as previously described [11].

2.5. Statistical Analysis

All statistical analyses were performed within GraphPad Prism 8.1.1 (GraphPad
Software Inc., La Jolla, CA, USA). Ct values of the target groups (PRV-2, PRV-3 and
Inact. PRV-1-injected fish exposed to PRV-1 shedder fish at 10 weeks post injection) were
compared to the PRV-1 control group by using the non-parametric Mann–Whitney test
due to the small sample size (n = 8) in each group. p-values of p ≤ 0.05 were considered
as significant.

3. Results
3.1. PRV Immunization Trial

The trial was performed as outlined in Figure 1. Initially (Week 0), Atlantic salmon
with a mean weight of 41.3 g (+/− 5.8 g) were grouped and injected intraperitoneally
(ip) with cell or tissue lysates containing infective PRV-1, PRV-2 or PRV-3, uninfected
blood lysate (mock), or purified, inactivated and adjuvanted PRV-1 [33]. At 10 weeks, the
mean weight of the injected fish was 107.6 g (+/− 18.4 g) with no significant difference
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between groups (Supplementary file S2). At this timepoint, PRV-1-infected shedder fish
were added to the remaining fish in the groups injected with PRV-2, PRV-3, inactivated
PRV and half of the mock group to test the effects of immunization. Neither the initial
ip challenge/immunization nor the cohabitant challenge led to mortality in any of the
treatment groups, and there was no loss of fish or aberrant clinical observations during the
experimental period. At the end of the experiment in Week 18, the fish mean weight was
193.6 g (+/− 29.5 g), with no statistically significant difference between groups.

 
Figure 1. Groups and timeline of the Piscine orthoreovirus (PRV) immunization trial. Fish were immunized intraperi-
toneally (ip) with either spleen homogenate containing PRV-2 (blue group), blood cell lysate containing PRV-3 (green group),
or purified, inactivated and adjuvanted PRV-1 (InPRV-1, yellow group). The negative control group (mock, white) was
injected with blood cell lysate from uninfected fish. A positive control group was injected with PRV-1 (red). Naïve fish were
added to tanks containing fish injected with infective PRV-1, PRV-2 and PRV-3 five weeks post injection (wpi) and sampled
Week Eight and Ten to control viral shedding. After 10 weeks, the immunized group and half of the mock group was
infected through cohabitation with fish experimentally infected with PRV-1 (shedders, dark blue) and thereafter monitored
until Week 18. Yellow stars on the timeline show sampling time points (all groups).

3.2. Replication and Transmission of PRV Genotypes in Atlantic Salmon

The RNA loads of PRV-1, PRV-2 and PRV-3 were monitored by the RT-qPCR of spleen
samples through the experimental period (Figure 2, Supplementary file S2). The spleen
was chosen for analysis since PRV replicates in red blood cells, and spleen has been shown
to reflect the levels of PRV infection in blood [42] better than, e.g., kidney. PRV-1 showed
maximum replication during the first 5 weeks, as expected from previous trials (median
Ct 14.79, interquartile range (IQR) Ct 14.12–15.37 (Figure 2A)), and persisted in spleen
through the 18 weeks of the study with median PRV-1 levels above a Ct level of 20 at all
sampling time points. Five weeks after injection, naïve fish were added to tanks of fish
injected with PRV-1, PRV-2 and PRV-3 to study the transmission of the injected virus. The
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naïve cohabitants added to the PRV-1 group at Week 5 were all infected 3 and 5 weeks
later (Experimental Week 8 and 10, not analyzed at later time points). PRV-2 levels were
generally low and reached the highest level after 2 weeks (median Ct of 26.7, IQR Ct
25.99–27.08), after which the infection declined. After 18 weeks, PRV-2 was detected in
only one out of eight sampled fish. No naïve cohabitants added to the PRV-2 tank Week 5
were infected (Figure 2B). PRV-3 levels increased up to Week 5 (median Ct of 19.19, IQR Ct
18.02–20.75), then declined until Week 18 (Figure 2C). The added naïve cohabitants were
not infected. No cross-infection was observed between the tanks, and no replication was
observed in the fish injected with inactivated PRV-1, as monitored on Weeks 2, 5 and 10
(Supplementary Figure S1, Supplementary File S2).

Figure 2. Development of infection with PRV-1, -2 and -3. Levels of PRV-1 (A), PRV-2 (B) and PRV-3 (C) as detected in
spleen with specific RT-qPCR assays targeting the S1 genome segment in the respective viruses and trial groups. The figures
show individual Ct values and median (line) at each sampling from 2 to 18 weeks post injection (wpi). Gray dots show
virus levels in naïve cohabitants added to the tank at 5 wpi and removed at 10 wpi (5 weeks after exposure). Relative levels
of PRV-1, -2 and -3 in heart at 15 and 18 weeks post infection (D).

To explore if there was any persistence of PRV2 and PRV3 in hearts at the end of
the trial, we compared RNA loads of PRV-1, PRV-2 and PRV-3 in heart samples at 15 and
18 weeks (Figure 2D). Whereas PRV-1 levels in heart were below Ct 25, PRV-2 was only
detected (median 34.87, IQR Ct 34.31–37.24) in the heart in two fish at 15 weeks after
infection, and one fish at 18 weeks. PRV-3 was detected at low levels in 50% of the fish
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hearts at both time points. Except for two fish at 15 weeks, all PRV-3-positive fish had Ct
levels above 30 in the heart.

3.3. Production of Anti-PRV Antibodies

Using a bead-based multiplexed immunoassay based on recombinant PRV-1 spike
protein σ1 and outer capsid protein μ1c [39], the ability of the viruses to induce cross-
binding antibodies in plasma (IgM) was explored for the period 2 to 10 weeks after virus
injection (Figure 3, Supplementary file S4). PRV-1 infection induced the production of PRV-
1-specific antibodies against the viral proteins σ1 and μ1 after 8 and 10 weeks (Figure 3A)
and induced unspecific antibodies binding to non-PRV antigens. PRV-2 induced low
levels of PRV-1 σ1 binding antibodies as detected at Weeks 5 and 8, declining at Week
10 (Figure 3B), in line with a low PRV-2 replication in the fish. PRV-3 infection induced
intermediate levels of PRV-1 σ1 binding antibodies, with lower background binding to
non-PRV antigens (Figure 3C). Inactivated PRV-1 did not induce detectable production of
antibodies binding to PRV-1 σ1 (Figure 3D).

Figure 3. Production of anti-PRV antibodies. Magnetic beads coated with recombinant lipid-modified (LM)-PRV-1-σ1,
PRV-1 μ1c, infectious salmon anemia virus fusion protein (ISAV-FP) or LM-ISAV-FP in a multiplexed assay were used to
measure PRV-specific and unspecific antibodies in blood plasma sampled from fish in the PRV-1 (A), PRV-2 (B), PRV-3 (C)
and InactPRV-1 (D) injected groups in the first 10 weeks post injection (wpi). MFI: median fluorescence intensity. The results
from beads coated with PRV antigens are shown in red, and beads with non-PRV antigens in gray/black.

3.4. Innate and Cellular Immune Responses

In order to explore which immune responses were activated in the fish at the time of
exposure to PRV-1 shedder fish (10wpi), spleen RNA samples were analyzed for transcript
markers of cellular cytotoxic immunity (Figure 4, Supplementary file S5): CD8α, IFN-γ
and Granzyme A (Figure 4A), and innate interferon-mediated antiviral responses: viperin,
myxovirus resistance gene (Mx), and interferon-stimulated gene (ISG)15 (Figure 4B). These
genes have previously been shown to be induced in spleen after infection with PRV-1 [37].
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PRV-1 infection induced both cellular and innate immune responses in spleen, whereas
infection with PRV-2, PRV-3 or inactivated adjuvanted PRV-1 showed no or minor induction
of the cellular and selected innate antiviral response genes.

Figure 4. Cellular and innate antiviral immune responses 10 weeks after immunization (wpi). Cellular responses CD8α,
IFNγ and Granzyme A (A) and innate antiviral responses viperin, myxovirus resistance gene (Mx) and interferon-stimulated
gene (ISG)15 (B) were analyzed by RT-qPCR in spleen, normalized for the reference gene EF1α and shown as 2−ΔΔCt levels.
Gene expression in spleen samples from fish injected with PRV-1 (red), PRV-2 (blue), PRV-3 (green), inactivated PRV (yellow)
and mock lysate (gray) are shown.

3.5. Protection from PRV Infection and HSMI

Infection with PRV-1 was monitored in all groups from 12 to 18 wpi (Figure 5A,B,
Supplementary file S2). The mock-injected + PRV-1-exposed group acted as a positive
control and was infected with PRV-1 after two weeks, peaking 5 weeks later (Experimental
Week 15) at median Ct levels of 15 in the spleen and median Ct levels of 17 in the heart.
Fish that had been immunized with PRV-2 showed a delayed and variable PRV-1 infection
level at 15 and 18 weeks ranging from Ct 15 to 30 in the heart and Ct 10 to 24 in the spleen.
Surprisingly, the highest PRV-1 infection levels in the PRV-2 group ranged beyond the levels
in the positive controls, indicating that PRV-2 increased susceptibility to PRV-1 infection
in some individuals. A similar partial protection was seen in the fish immunized with
inactivated, adjuvanted PRV-1 (InactPRV-1), but without the replication boost seen in some
fish in the PRV-2 group. In fish infected with PRV-3, the PRV-1 infection was completely
blocked, except for two individuals showing high Ct levels in the spleen, one of which also
had detectable PRV-3 in the heart.
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Figure 5. Development of PRV-1-infection after exposure by cohabitation. The level of PRV-1 after infection with PRV-1
shedders at 10 weeks was monitored by RT-qPCR at Weeks 12, 15 and 18 in the spleen (A) and Weeks 15 and 18 in the heart
(B). Each dot represents an individual Ct value with a line (median) at each sampling. Dot color: Fish pre-injected with
PRV-2 (Blue), PRV-3 (green), Inactivated PRV-1 (Yellow), or mock (grey), then secondary infected with PRV-1 where marked.
Statistical analyses were performed by comparing each target group with the PRV-1 control group at each time point using
the Mann–Whitney test. Asterisk shows significant difference (*** p < 0.001); wpi = weeks post immunization.

Hearts from fish sampled at 15 and 18 weeks after PRV-1 infection by shedders, and
the corresponding uninfected control group, were prepared for histopathology and scored
for tissue changes consistent with HSMI (score system 0–3 [11], Figure 6, Supplementary
file S6). At 15 weeks, heart pathology was seen only in the PRV-1 group infected ip at
the beginning of the trial (five of eight fish had mild lesions, i.e., a score of 1). HSMI-like
lesions were present in all individuals in the mock + PRV-1 control group (positive control)
at Week 18, with a median HSMI pathology score of 2.5 (1.5–2.5). For the PRV-2 + PRV-1
group, the median pathology score was reduced to 2 (six out of eight fish had lesions), and
for the PRV-3 + PRV-1 group pathology was completely absent in all eight fish (a score of
0). Six out of eight fish from the InactPRV-1 + PRV-1 group were also without heart lesions.
The group infected with PRV-1 ip Week 0 showed a median pathology score of 1 (six out of
eight fish had mild lesions), 18 weeks after infection.
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Figure 6. Histopathology and scores of A. salmon hearts. The status of Atlantic salmon hearts was scored for heart and
skeletal muscle inflammation (HSMI) pathology 18 weeks after immunization and eight weeks after PRV-1 cohabitant
challenge. The scoring of pancarditis was performed according to a visual analogue scale from 0 to 3, where 0 represents
a healthy heart, scores above 1 represent hearts with increased cellularity due to immune cell recruitment in the outer
epicardial layer, and more severe cases (a score of 2,5) also show increased cellularity in the outer compact and inner
spongious layers of the heart ventricle. (A) PRV-1 ip injected Week 0, (B) PRV-2 immunized ip + PRV-1, (C) PRV-3 immunized
ip + PRV-1, (D) inactivated InPRV-1 immunized ip + PRV-1, (E) negative control, mock-injected ip, (F) positive control,
mock-injected ip + PRV-1, and (G) a table and violin plot showing pathology scores of individual fish in each experimental
group (n = 8) pre-injected with PRV-1 (red), PRV-2 (Blue), PRV-3 (green), Inactivated PRV-1 (Yellow), or mock (grey), then
secondary infected with PRV-1 where marked.
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3.6. Immune Responses after Challenge of Immunized Salmon

The specific antibody response (Figure 7A, Supplementary file S4) and cellular cyto-
toxic immune gene activation—Granzyme A, IFNγ (Figure 7B,C, Supplementary file S5)—
were monitored after the PRV-1 challenge at Experimental Weeks 12–18 (two to eight weeks
after exposure to shedder fish). The positive control group showed specific and unspecific
antibody production and induction of Granzyme A and IFNγ levels in the spleen. The
PRV-1-induced antibody response tended to be higher in some fish in the PRV-2 immunized
group and lower in fish immunized with inactivated PRV-1. Both observations were in
line with the PRV-1 levels found in the spleen. Both groups induced Granzyme A and
IFNγ transcripts in fish with high PRV-1 loads, but not in individuals with low PRV-1
loads. In the fish immunized with PRV-3, the antibody levels declined from Week 10 to 18,
and since the fish were protected against PRV-1 infection, the antibodies observed most
likely resulted from the initial immunization with PRV-3. No regulation of cytotoxic T-cell-
associated immune genes was seen. The antibody levels in this group can be compared to
the group infected with PRV-1 at Week 0, which showed even higher levels of anti PRV-1
σ1 antibodies during Weeks 12–18. In contrast, whereas fish that were PRV-1 infected Week
0 still had induced levels of Granzyme A in their spleens, the PRV-3-injected group did not.

Figure 7. Cont.
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Figure 7. Immune responses in the spleen after PRV-1 challenge of immunized fish. (A) Magnetic beads coated with re-
combinant lipid-modified PRV antigens (LM-PRV-1σ1, PRV-1 μ1c), and non-PRV antigens (ISAV-FP or LM-ISAV-FP), used in a
multiplexed assay to measure antibodies from diluted blood plasma sampled from fish in the trial groups. Levels of fluorescent
secondary antibody bound to the beads (median fluorescence units, MFI) carrying PRV-antigens (red) and non-PRV antigens
(gray/black) were assayed. (B) Gene expression of Granzyme A. (C) Gene expression of IFNγ in spleen samples from fish injected
with PRV-1 (red), PRV-2 + PRV-1 (blue), PRV-3 + PRV-1 (green), InactPRV-1 + PRV-1 (yellow), mock negative control, and mock +
PRV-1 positive control groups (black).

4. Discussion

We clarified the potential of the PRV genotypes PRV-2 and PRV-3 to cross-protect
against PRV-1 and HSMI, compared them with an inactivated PRV vaccine, and studied
some of the possible protective mechanisms involved. Cross-protection induced by related
low virulent virus variants was the first successful immunization strategy more than
200 years ago. It was then found that smallpox was prevented by previous exposure to a
low virulent pox virus infecting cows [43]. This strategy was used for several years before it
was published by Jenner in 1796. A cross-protective approach to immunization introduces
many uncertain factors. The theoretical ability of the low virulent virus to cause low-grade
disease, develop into virulence over time, or cause disease in other species requires initial
mapping and testing. Nevertheless, a replicating mimic of the disease-causing virus itself
has the potential of being the ultimate inducer of efficient immune protection, as this will



Vaccines 2021, 9, 230 14 of 20

set off the exact mechanisms used to fight the virus. The rationale for this study is to
increase our understanding of cross-protective mechanisms, aiming for the design of more
efficient future vaccination approaches.

Although the three PRV genotypes mainly cause disease in different salmonid species,
evidence of cross-species infection exists. PRV-1 infect coho salmon, Chinook salmon, and
rainbow trout in addition to Atlantic salmon [25], and PRV-3 infects rainbow trout and
coho salmon in addition to brown trout [27]. Our observations of experimental infection of
Atlantic salmon with PRV-3 confirmed those of a previous study where it was observed that
PRV-3 replicated and persisted over a period of 16 weeks and transmitted less efficiently to
naïve cohabitants, compared to PRV-1 [29]. Infection with PRV-2, however, is less studied
in other species than farmed coho salmon. Here, we show that PRV-2 can infect and
replicate in Atlantic salmon after injection, although not as efficiently as PRV-1 and PRV-3.
This ability of both PRV-2 and PRV-3 to infect and replicate in Atlantic salmon calls for
awareness of all three viruses in aquaculture and breeding.

As previously shown in several previous experimental challenge studies [5,15,44], the
PRV-1 genetic variant used in this trial, originating from a Norwegian disease outbreak,
induces HSMI in Atlantic salmon. The same ability to cause HSMI experimentally has not
been found for Canadian PRV-1 genetic variants [22,23]. The differences in pathogenicity
induced by PRV-1 variants was demonstrated experimentally in 2020 [15], and shown
to be associated with genetic differences within four out of the ten genetic segments of
PRV. Properties of the outer capsid and virus dissemination in the host was suggested as
determinants of pathogenicity [15]. Considering the overall similarities between the PRV
genotypes at the amino acid level, PRV-1 is more similar to PRV-3 (90% identity) than to
PRV-2 (80%) [31]. The most prominent genetic differences were found in the segment S1,
encoding the outer clamp protein σ3 and the non-structural protein p13, encoded by an
internal open reading frame. These proteins have both been suggested to be implicated in
the pathogenicity of PRV [6,45,46], σ3 for promoting virus replication by dsRNA binding
and inhibition of the dsRNA-activated protein kinase PKR [47] and p13 for inducing
cytotoxicity [45]. The σ3 and p13 proteins are among the least conserved between the
PRV genotypes. For PRV2, σ3 and p13 aa identities to PRV-1 homologues are 69.7 and
62.9%, and for PRV-3 the identities are 79.1 and 78.2%, respectively [31]. The rather low
aa conservation could potentially be of importance for the host-specific pathogenicity
differences of these viruses, or their ability to interact with each other during infection.

When focusing specifically on the amino acid sequence of the outer capsid protein
σ1 (S4) from PRV-1, used as antigen in the bead-based immunoassay [39], the identity is
82% with PRV-3 and only 67% with PRV-2 (NCBI database). Since σ1 is considered to be
the receptor-binding protein of PRV [6], its sequence variation may explain the species
specificity, and the lack of transmission to naïve cohabitants in Atlantic salmon. The higher
amino acid identity between PRV-1 and PRV-3, which is in line with their main host species
being more closely related, consequently gave a more efficient infection and replication of
PRV-3 compared to PRV-2 in Atlantic salmon. A higher rate of virus replication and higher
amino acid identity for σ1 as well as for other virus proteins could explain the higher
level of cross-binding antibodies detected after PRV-3 infection and thus the higher cross-
protecting effect. Although the genetic diversity in PRV-1 is generally not associated with
the σ1 gene, it is possible that cross-protection could be different against the genotypes.

In this trial, histological analyses were performed only in the late phase of the trial,
i.e., after 18 weeks. At that time, PRV-2 was eradicated from the heart, and PRV-3 levels
were low, with Ct values above 30 in 50% of the fish and the remaining fish virus being
negative. Compared to this, 100% of the fish injected with PRV-1 at the start of the trial
were still virus positive in the heart after 18 weeks, with Ct-levels around 20. We cannot
completely rule out that heart inflammation occurred at some point after injection with
PRV-2 and PRV-3. In a former study on PRV-3 in Atlantic salmon, minor inflammatory foci
were detected in the PRV-3-infected hearts [29], but these findings were not comparable,
neither to the inflammation induced by PRV-3 in rainbow trout hearts nor to HSMI in



Vaccines 2021, 9, 230 15 of 20

Atlantic salmon. Infection and pathological changes in other organs, such as the liver and
kidney, earlier shown to be sites for PRV replication [21,48,49], or pathological changes at
earlier time points in heart cannot be ruled out either, as this was not explored here.

Based on analyses of spleen and heart, PRV-2 appears to be eradicated a few weeks
after infection in Atlantic salmon compared to PRV-1 and PRV-3. PRV-2 loads in spleen
were similar to those of PRV-3 two weeks after infection, but after 5 weeks PRV-2 levels
declined, whereas PRV-3 and PRV-1 levels increased. PRV-3 is reported to be successfully
cleared in rainbow trout after infection, not moving into persistence like PRV-1 in Atlantic
salmon [29,30]. However, PRV-3 appeared to persist for at least 18 weeks in Atlantic salmon
in our study, and also for 16 weeks in a former study [29]. This may indicate that persistence
is related to host factors in farmed Atlantic salmon.

In the magnetic bead-based assay used to detect anti-PRV antibodies, the PRV-1 LM-σ1
antigen has earlier been found to be the most efficient antigen for antibody detection [39].
PRV-3 triggered the production of antibodies that were able to cross-bind to PRV-1 LM-σ1.
PRV-1 infection has previously been reported to also trigger the production of polyreactive
antibodies that bind to non-PRV control antigens [39]. Similarly, we observed high levels
of background binding to the ISAV-F-protein control antigens after PRV-1 infection. The
production of polyreactive antibodies start at the same time as the more specific antibodies
but decrease earlier. The polyreactive antibody response was not seen after PRV-2 or PRV-3
infection. This could be linked to the much higher innate antiviral response triggered by
PRV-1, which correlated with the replication efficiency or load of virus for this genotype,
compared to the other genotypes. This phenomenon will be subject to further study.

Low levels of antibodies binding to PRV-1 σ1 was observed in blood from PRV-2-
injected individuals as well, but only in a short time frame while the virus was still present.
Although this low antibody level did not lead to protection from PRV-1 and HSMI, the
specificity against PRV antigens and association with virus eradication is notable.

The inactivated, adjuvanted PRV-1 vaccine did not induce any measurable antibodies
against PRV-1 σ1. Still, the inactivated PRV-1 vaccine lowered PRV-1 infection levels after
secondary challenge, and protected six out of eight individuals from HSMI, in line with
previous findings [33]. The mechanism behind this effect is not clear, as neither innate
immune activation nor cellular immune activation was revealed through the analyses
performed here. We cannot rule out if an early immune activation was triggered by the
adjuvant or if antibody-based protection targeting PRV-1 antigens other than PRV-1 σ1
is involved [6]. It is also possible that the inactivation procedure may have changed the
structure of the σ1 protein in the inactivated viral particle, as it is in an exposed position in
the outer capsid.

The PRV-3 pre-exposure totally blocked PRV-1 infection. Cross-protective antibodies
are likely to be one explanation but are most likely not the only one. Several fish had very
low levels of detectable antibodies in plasma after 10 weeks, but PRV-1 infection was still
completely blocked in these fish. The analysis of expressed antiviral immunity genes and
indicators of cellular adaptive immunity (cytotoxic cell markers) did not indicate that these
mechanisms were triggered by PRV-3 beyond 10 weeks, at least not in spleen, which was
tested. The almost total infection block may lead us to think that protective mechanisms
have been induced also at mucosal surfaces, although PRV-3 was given ip and not as a
bath exposure. In general, orthoreoviruses enter through respiratory and gastrointestinal
mucosal surfaces. Although PRV-1 is reported to infect via the intestinal wall [13], it may
use other ports of entry as well. The infection route of PRV-3 has not been studied but could
be assumed similar to that of PRV-1. This could point to a mucosal protection mechanism
involved in the blockage of PRV-1 infection by PRV-3, which would be a highly desired
effect of a future vaccine. Such a PRV-1-blocking effect was not obtained with previous
PRV-2 exposure or the inactivated PRV-1 vaccine. It should be noted that PRV-3, but not
PRV-2, persisted in the spleen of all fish when they were exposed to PRV-1, and further
until the end of the study (18 weeks). It may be that the almost full protection and blocking
of PRV-1 infection is dependent on the presence of PRV-3.
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All PRV isoforms infect red blood cells, and PRV-1 is shown to strongly induce
interferon-regulated antiviral genes in these cells [50]. Thus, the blocking of secondary
PRV-1 infection could be a result of red blood cells in an antiviral state. This would be
reflected in analysis of spleen antiviral responses. However, very little innate antiviral
immune response was induced by PRV-3 in Atlantic salmon although fish were still infected
with the virus after 10 weeks. This is remarkably different to a PRV-1 infection, which
induces long-lasting antiviral responses. PRV-3 is also reported earlier to induce antiviral
responses in rainbow trout [29,30], but not in Atlantic salmon [29]. This difference could be
linked to the observed differences in pathogenicity in the two species, but this is still not
confirmed and will be further explored.

For PRV-2, 50–80% of the fish had cleared the virus between 10 and 18 weeks after
infection. In this group, we found a contradictory effect on PRV-1 infection and HSMI.
As two out of eight fish did not develop HSMI, there was no effect on the remaining
six. In addition, PRV-1 levels were lower in some fish, but strongly boosted in others. It
appeared that PRV-1 may have replicated more efficiently in some of the individuals that
had eradicated PRV-2, compared to individuals that had not. Like for PRV-3, we did not
detect innate antiviral immune responses to PRV-2 infection 10 weeks after infection.

PRV-1 induces cytotoxic T-cell (CTL) activity in Atlantic salmon [17,37], which is
strongly associated with HSMI pathology [16], and also heart inflammation in rainbow
trout infected with PRV-3 [30]. Here, there is clear evidence that PRV-1 induces a strong
regulation of innate antiviral and cytotoxic immune response genes 10 weeks after infection,
which is not induced by PRV-2 or PRV-3, and which is likely to be decisive for HSMI pathol-
ogy. The role of CTL activity in vaccine effects and long-term protection against viruses in
salmonids is not much studied, but specific cytotoxicity against the salmonid alphavirus
(SAV) has recently been explored after vaccination with an adjuvanted inactivated SAV
vaccine, in comparison with SAV infection [51]. There, it was clearly demonstrated that
while SAV infection induced specific cytotoxicity, only unspecific cytotoxic activity was
induced by the vaccine [51]. It would, in a follow-up study, be interesting to compare spe-
cific CTL activity in the period after PRV-2 and PRV-3 infection to explore any correlation
with the ability to cross-protect against PRV-1.

This study illustrates some potential pitfalls in using replicating viruses for vaccine
purposes. They may be very efficient, like PRV-3, which completely blocks PRV-1 infec-
tion. However, PRV-3 itself persists in the fish, which may have unknown long-term
consequences.

This study also indicates that antibodies against the putative receptor-binding protein
σ1 may be an important protective measure. PRV-3, but not PRV-2, induced the production
of anti-σ1 antibodies. This could be due to the higher replication rate of PRV-3 to PRV-2 in
Atlantic salmon and the higher identity between the σ1 protein of PRV-1 and -3. A protec-
tive effect could eventually be verified in a passive immunization test by administration of
purified serum immunoglobulin from PRV-3-infected fish to PRV-1 experimentally infected
fish. The long-term protective effects of these antibodies will be subject to follow-up ex-
periments, as we could observe a decline after > 15 weeks of PRV-3 infection. If plasma
antibodies are also involved in blocking infection at mucosal surfaces is an open question.

PRV-2 replicates at low levels in Atlantic salmon and is eventually cleared, which
normally could be considered beneficial properties of a “live” replicating vaccine. However,
the replication must be at a level sufficient to induce an effective immune response. Here,
only minor innate and cellular responses were found at the transcript level. However,
there may be effects at the post-transcriptional or post-translational levels that we did not
monitor. PRV-2 caused contradictory results by protecting some fish from HSMI but causing
even higher susceptibility to PRV-1 infection in others. The large individual differences
could possibly be due to host genetics, leading to a different ability to present antigen. This
study also confirms the partial efficiency of the inactivated PRV-1 vaccine published earlier;
although, it is still without a clear answer to the main mechanism of protection.
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Besides the obvious pitfalls in immunizing Atlantic salmon against HSMI with PRV-3,
a virus pathogenic to rainbow trout [28], there are also additional concerns associated
with a live attenuated vaccination approach. Segmented RNA viruses may reassort or
recombine if two related genotypes infect the same cell [52], creating new viruses with
unpredictable properties, potentially pathogenic.

Future vaccine production can provide us with reverse genetic approaches and viruses
tailored by synthesis and gene editing. Combined with thorough long-term studies of
risks and effects of the different vaccine approaches and a higher repertoire of ways to
measure vaccine effect, this will hopefully ensure safe and effective attenuated vaccines in
the future.

5. Conclusions

This work show that PRV-1, PRV-2 and PRV-3 replicate in Atlantic salmon, and can
induce production of antibodies that bind to the PRV-1 σ1 antigen. Only PRV-1 in-fection
induce unspecific antibodies, long-lasting expression of antiviral response genes and
cytotoxic genes in spleen in Atlantic salmon, which could be associated with the ability
to cause HSMI. When compared to vaccination with an inactivated PRV-1 vaccine, PRV-3
infection provides full protection from PRV-1 introduced ten weeks later, and development
of HSMI. In comparison, inactivated PRV-1 vaccine and PRV-2 infection does not prevent
PRV-1 infection and only partially protects against HSMI. This work indicates that a
replicating attenuated vaccine approach could protect against HSMI.
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9/3/230/s1, Table S1: Primer and probe sequences (5′-3′) for PRV genotypes and immune genes,
Supplementary File S2: PRV Ct values and weight data from the PRV immunization trial, Figure
S1: Infection level of PRV genetic variants in all groups 2, 5 and 10 weeks post injection (wpi),
control of cross-infection. Supplementary File S4: Antibody binding to PRV antigens given as mean
fluorescence intensity (MFI) corrected for binding to control beads, Supplementary File S5: Immune
gene expression data, Supplementary File S6: Histopathology scores of heart samples.
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