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Title: Functional study of key fish interferon-stimulated genes using an in vitro knock-out approach in fish cell lines: 

from comparative immunology to interest for vaccine production 
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Abstract: In jawed vertebrates, innate antiviral defenses 

are primarily based on type I interferons (IFNs). These 

master cytokines are secreted following virus 

recognition and induce the expression of hundreds of 

IFN-stimulated genes (ISGs). ISGs encode proteins with 

diverse functions, including enhancers of the type I IFN 

pathway and antiviral effectors, which all work towards 

establishing an antiviral state refractory to viral 

infection. Overall, the type I IFN system is well-

conserved between mammals and fish but the ISG 

repertoire is more diverse in fish, largely due to their 

complex evolutionary history and physiological 

specificities. Consequently, most mammalian ISGs have 

one or more orthologs in fish. However, it is still unclear 

whether fish ISGs are true functional homologs and their 

mechanisms of action remain to be explored in detail. 

In this context, my thesis aimed to functionally 

characterize two key fish ISGs, namely dsRNA-

dependent protein kinase (pkr) and virus inhibitory 

protein endoplasmic reticulum-associated, interferon-

inducible (viperin), by using an in vitro knock-out 

approach. In mammals, both proteins are primarily 

regarded as antiviral effectors: PKR is involved in host 

translation inhibition and apoptosis, while Viperin 

operates by generating antiviral ribonucleotides and 

modulating metabolic pathways exploited during viral 

replication cycles. However, the extent to which these 

functions are conserved in fish remains largely 

unknown. The objectives of my thesis were articulated 

along three axes: (1) to develop and validate pkr-/- and 

viperin-/- fish cell lines using the CRISPR/Cas9 

technology; (2) to functionally characterize these cell 

lines, in order to identify the mechanisms of action of 

fish PKR and Viperin and their role in regulating the type 

I IFN response through feedback loops; (3) to assess 

their permissivity to viral infections and their ability to 

produce viral particles at higher yields than their wild-

type counterparts. 

Using complementary overexpression and knockout 

approaches, I first studied the molecular mechanisms 

of action of PKR in Chinook salmon (Oncorhynchus 

tshawytscha) CHSE-EC cells. Our findings show that 

salmonid PKR has conserved molecular functions, 

including apoptosis activation and inhibition of host 

protein synthesis. However, endogenous PKR did not 

play a major antiviral role during viral hemorrhagic 

septicemia virus (VHSV) infection. In fact, our results 

suggest that VHSV has evolved strategies to subvert 

PKR antiviral action, by limiting early induction of pkr 

expression, evading PKR-mediated translational arrest 

and taking advantage of PKR-mediated apoptosis at 

a late infection stage to favor viral spread. 

In parallel, we conducted a comparative RNA-seq 

analysis of the viperin-/- and wild-type fathead 

minnow (Pimephales promelas) EPC-EC cell lines with 

or without stimulation with recombinant type I IFN to 

have a global overview of the regulatory role of fish 

Viperin. Our data show that cyprinid Viperin is not 

involved in the regulation of the canonical type I IFN 

but negatively regulates specific inflammatory 

pathways. Our analysis further indicates that it plays a 

regulatory role in other metabolic processes, even in 

non-induced conditions, including extracellular matrix 

organization, cell adhesion and one carbon 

metabolism. 

During the development process of initial pkr-/- cell 

lines, two CHSE-EC cell lines were found to be 

persistently infected with infectious pancreatic 

necrosis virus (IPNV), presumably due to inadvertent 

contamination. I set out to characterize these 

persistently IPNV-infected cell lines over the course of 

40 passages. A striking feature in both cell lines was 

the periodic oscillatory pattern of extracellular titers 

and intracellular viral RNA levels over passages. We 

further showed that the type I IFN response was not 

triggered during persistent infection, suggesting that 

persistent IPNV is able to evade the host innate 

immune response. 
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Titre : Étude fonctionnelle de gènes stimulés par l'interféron par une approche in vitro d’invalidation génique en 

lignées cellulaires de poisson : de l'immunologie comparée à l'intérêt pour la production de vaccins 

Mots clés : réponse à l'interféron, PKR, Viperin, lignées cellulaires, CRISPR/Cas9, virus de poisson 

Résumé : Chez les vertébrés à mâchoires, les défenses 

antivirales innées sont principalement basées sur les 

interférons (IFN) de type I. Ces cytokines sont sécrétées 

en cas d’infection virale et induisent l'expression de 

gènes stimulés par l'IFN (ISGs). Les ISGs codent des 

protéines aux fonctions diverses dont l’expression 

conduit à l'établissement d'un état réfractaire à 

l'infection. Le système IFN de type I est globalement 

bien conservé entre les mammifères et les poissons, 

mais le répertoire des ISGs est plus diversifié chez ces 

derniers, en raison de leur histoire évolutive complexe 

et de leurs spécificités physiologiques. Par conséquent, 

la plupart des ISGs de mammifères ont un ou plusieurs 

orthologues chez les poissons. Il reste, cependant, à 

déterminer si les ISGs de poisson ont les mêmes 

fonctions et mécanismes d’action que leurs 

homologues mammaliens. 

Dans ce contexte, ma thèse avait pour but de 

caractériser fonctionnellement deux ISGs de poisson, 

pkr et viperin, en utilisant une approche in vitro 

d’invalidation génique. Chez les mammifères, la PKR est 

principalement impliquée dans l'inhibition de la 

traduction et l'apoptose, tandis que la Viperin agit en 

générant des ribonucléotides antiviraux et en modulant 

certaines voies métaboliques exploitées par les virus. 

Chez les poissons, ces fonctions restent à explorer en 

détail. Les objectifs de ma thèse s'articulaient autour de 

trois axes : (1) développer des lignées cellulaires de 

poisson pkr-/- et viperin-/- en utilisant la technologie 

CRISPR/Cas9 ; (2) caractériser fonctionnellement ces 

lignées, afin d'identifier les mécanismes d'action de la 

PKR et de la Viperin de poisson et leur rôle dans la 

régulation de la réponse IFN; (3) évaluer leur 

permissivité aux infections virales et leur capacité à 

produire des virus à plus hauts rendements que ceux 

obtenus en cellules sauvages. 

En utilisant des approches complémentaires de 

surexpression et d’invalidation génique, j'ai tout d'abord 

étudié les mécanismes d'action de la PKR en cellules de 

saumon Chinook (Oncorhynchus tshawytscha). 

Nos résultats montrent que la PKR de salmonidés a des 

fonctions moléculaires conservées : elle est impliquée 

dans l'activation de l'apoptose et l'inhibition de la 

synthèse des protéines de l'hôte. Cependant, la PKR n’a 

pas de rôle majeur lors de l'infection par le virus de la 

septicémie hémorragique virale (VSHV) : nos résultats 

suggèrent que le VSHV a développé des stratégies 

pour échapper aux effets antiviraux de la PKR, en 

limitant l’expression précoce de pkr, en évitant 

l'inhibition de la traduction et en tirant partie de 

l'apoptose médiée par la PKR à un stade d’infection 

tardif pour favoriser la propagation du virus. 

En parallèle, nous avons mené une analyse 

transcriptomique comparative des lignées cellulaires 

du poisson tête-de-boule (Pimephales promelas), 

sauvages ou viperin-/-, stimulées ou non par l'IFN de 

type I, dans le but d'avoir une vue d'ensemble du rôle 

régulateur de la Viperin chez les cyprinidés. Nos 

données montrent que la Viperin n'est pas impliquée 

dans la régulation de la réponse IFN de type I mais 

qu'elle régule négativement certaines voies 

inflammatoires. Notre analyse indique aussi que la 

Viperin a une fonction régulatrice dans d'autres 

processus métaboliques tels que l'organisation de la 

matrice extracellulaire, l'adhésion cellulaire et le 

métabolisme un-carbone. 

Au cours du processus de développement de lignées 

cellulaires pkr-/- initiales, deux lignées se sont révélées 

être infectées de façon persistante par le virus de la 

nécrose pancréatique infectieuse (IPNV). J'ai entrepris 

de caractériser ces lignées cellulaires infectées au 

cours de 40 passages. Nous avons ainsi observé la 

présence d’oscillations périodiques des titres viraux 

extracellulaires et des niveaux intracellulaires d'ARN 

viral au cours des passages. De plus, la réponse IFN 

de type I n’était pas déclenchée par l'infection, ce qui 

suggère que l'IPNV persistant est capable d'échapper 

à la réponse innée de l'hôte. 
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CHAPTER 1 

Overview of the type I IFN response in fish and mammals 

1. Introduction 

During a microbial infection – caused by a virus, bacterium, fungus or parasite, vertebrates rely on 

immune responses to fight against the pathogen and eventually clear the infection (if possible). In 

fish, like in all vertebrates, this immune response has two arms: the innate immune response and the 

adaptive immune response. The innate immune response is the first line of defense against pathogens. 

It is a fast-acting response initiated by a specialized network of sensors, called host pattern recognition 

receptors (PRRs), which are sported by a wide range of host cells. During a viral infection, the 

detection of virus-specific pathogen-associated molecular patterns (PAMPs) by these sensors triggers 

a signaling cascade, resulting in the production of host defense molecules, primarily type I and II 

interferons (IFNs), but also pro-inflammatory cytokines and chemokines. Collectively, they elicit 

defense mechanisms, amplify the innate immune response and regulate the adaptive response in a 

autocrine and paracrine manner. IFNs induce the transcription of hundreds of IFN-stimulated genes 

(ISGs), including effector genes, which can have direct antiviral actions or modulate the cell 

physiology to limit viral replication and spread. Other cytokines and chemokines play a major role in 

regulating activation, proliferation, differentiation and/or recruitment of specific immune cells. They 

are also involved in triggering systemic reactions including adaptive responses. As a consequence, 

cytokines and chemokines secreted upon infection are at the interface of the innate and adaptive 

immune responses, as they initiate, coordinate and shape both types of response 1. 

Overall, innate immune mechanisms are relatively well conserved across jawed vertebrates. In fish, 

however, there are some specificities driven by anatomical and physiological differences. Another 

notable difference is the high number of paralogous genes, which are the result of whole genome 

duplication events giving rise to extended gene families (as discussed below). 

The focus of this chapter is on molecular mechanisms. Nonetheless, it is important to bear in mind 

that, at the organism level, although most cell types can express PRRs and secrete cytokines, the 

innate immune response is primarily mediated by a network of specialized cells, including dendritic 

cells, granulocytes (neutrophils, eosinophils, basophils), macrophages and natural killer (NK) cells. 

The specific roles of these different cell types will not be presented in this manuscript, as it is beyond 

the scope of this project. 
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The following chapter provides an overview of the innate immune response in mammals and fish 

upon viral infection. For this purpose, it is divided as follows: (1) brief overview of fish immunology 

and the challenges associated with this discipline; (2) molecular mechanisms underlying virus sensing 

and the subsequent signal transduction pathways; (3) focus on the type I IFN response, signaling 

pathways and ISG diversity; (4) overview of viral subversion mechanisms of the type I IFN response. 

2. Fish immunology: a new and complex discipline 

2. 1. Very brief history of fish immunology 

Before diving into the molecular mechanisms of the innate immune response in fish and mammals, a 

few words on the fish immunology discipline and the associated research challenges are worth 

mentioning. Indeed, fish immunology is a relatively recent discipline, which has lagged far behind 

mammalian immunology for many years. For instance, mammalian IFNs were identified in 1957 by 

Isaacs and Lindenmann 2 and the gene encoding IFN-α in humans was cloned in 1980 3. In contrast, 

the identification of molecules with IFN-like activity produced by fish cells was reported in 1970s 4 

but the first type I IFN genes were only cloned in 2003 from zebrafish (Danio rerio), green-spotted 

pufferfish (Tetraodon nigroviridis) and Atlantic salmon (Salmo salar) 5–7. At that time, the 

identification of key fish immune genes was mainly carried out by homology cloning based on the 

sequences available from other animal species (mainly mammals) for highly conserved genes and 

comparison of amino acid sequences and gene structures for rapidly diverging genes. Later, the 

widespread sequencing of fish genomes paved the way for the identification of the homologs of 

mammalian cytokines, receptors and signaling pathways of the innate immune response in fish. 

2. 2. Challenges specific to fish immunology 

The term “fish” refers to a large variety of species, belonging to different taxonomic classes. They 

are typically divided into three superclasses: Agnatha (jawless fish), Chondrichthyes (cartilaginous 

fish), and Osteichthyes (bony fish), which include Actinopterygii (ray-finned fish) and Sarcopterygii 

(lobe-finned fish) (Figure 1). Teleosts are the largest infraclass of ray-finned fish and comprise more 

than 27 000 species, that represent 96% of all fish species and over 50% of living vertebrate species 8. 

Despite all this diversity, the fish immune system has primarily been studied in a few key model 

species, including carp and zebrafish (cyprinids), as well as trout and salmon (salmonids). However, 

it should be kept in mind that each species has its own specificities and the knowledge on one species 

cannot be systematically applied to another, especially if they belong to distinct families. 

To add another layer of complexity, in addition to the two rounds of whole genome duplication 

(WGD) events that occurred during the early evolution of chordates / vertebrates (1R and 2R), the 
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genome of early teleost fish went through a 3rd whole genome duplication event (3R) 320-350 million 

years ago; while salmonid fish underwent an additional 4th genome duplication event (4R) ∼80-100 

million years ago 9–11 (Figure 1). As a consequence, for each gene in single copy in tetrapods, two 

copies can potentially be found in distinct loci in diploid cyprinids and up to four copies are 

potentially present in salmonids. In reality, duplicated genes can either be lost, pseudogenized, sub- 

or neo-functionalized, with additional tandem duplication events also being a common occurrence 12. 

Although pseudogenization appears to be the most common fate of duplicate genes 9, some gene 

families are prone to diversification and comprise several members 13,14. For instance, while two mx 

genes are present in mammalian genomes, nine paralogous genes were found in rainbow trout 

(Oncorhynchus mykiss) and Atlantic salmon 14. It has been suggested that this diversification was 

favored by the evolutionary pressure and the need to counteract viral inhibitors involved in immune 

evasion, as postulated by the Red Queen hypothesis 15,16. As a consequence, due to neo- and sub-

functionalization events, the precise functions of fish immune genes cannot be directly extrapolated 

from what is known about their mammalian counterparts and the mechanisms of action of many of 

them remain to be elucidated. 

 

Figure 1: Time-calibrated phylogeny of fish species 

Red stars indicate the position of teleost-specific WGD (Ts3R) salmonid-specific WGD (Ss4R). 1R and 2R correspond 

to the WGD events that occurred during early vertebrate evolution. Figure taken from Berthelot et al. (2014) 9. 

3. Virus sensing and the subsequent signaling transduction pathways in mammals 

and fish 

In both mammals and fish, recognition of viruses by the host defense system is mediated by a subset 

of specialized sensors, referred to as pattern-recognition receptors (PRRs) and expressed by many 
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cell types in the host 1. These receptors recognize conserved molecular motifs – the so-called PAMPs 

– present within one or several classes of microorganisms but absent from the host. Viral PAMPs 

include nucleic acids (single stranded (ss)/double stranded (ds) RNA or ss/dsDNA), derived from the 

viral genome and/or from the intermediate species produced during the virus replication cycle, as well 

as viral proteins (mainly surface glycoproteins and capsid proteins) 1. 

Virus-sensing PRRs can be divided into 5 main types based on their structures and functions, 

including: (1) Toll-like receptors (TLRs), (2) Retinoic acid inducible gene (RIG)-I-like receptors 

(RLRs) and related RNA helicases, (3) Nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLRs), (4) C-type lectin receptors (CLRs) and (5) a heterogenous family of cytosolic 

nucleic acid sensors 1,17,18. Members of these receptor families can be further classified in terms of 

ligand specificity and subcellular localization 19. For instance, endosome-located TLRs recognize 

viral nucleic acids while TLRs and CLRs expressed on the cell surface mainly detect viral envelope 

proteins. In contrast, RLRs and NLRs exclusively bind to viral RNA in the cytoplasm of infected 

cells. As their name suggests, cytosolic nucleic acid sensors are specialized in detecting cytoplasmic 

nucleic acids from pathogens and/or DNA from damaged and dying cells called damage (or danger)-

associated molecular patterns (DAMPs) 17. 

The recognition of viruses by PRRs in both mammalian models 1,17,19 and fish models 18,20–23 has been 

well documented over the years in several reviews. A comprehensive review of mammalian and fish 

PRRs and their downstream signaling pathways is beyond the scope of this chapter, which only gives 

a broad overview of the main activation cascades triggered upon viral sensing. Overall, PRRs are 

well conserved between fish and mammals, suggesting that the underlying mechanisms are 

similar 21,22. 

3. 1. Toll-like receptors (TLRs) 

TLRs are transmembrane glycoproteins with a tripartite structure: (1) a N-terminal extracellular 

domain containing multiple leucine-rich repeats (LRRs), which form a horseshoe structure and are 

responsible for binding PAMPs; (2) a transmembrane domain, and (3) a C-terminal cytoplasmic 

Toll/IL-1 receptor (TIR) domain, which interacts with adaptor molecules to initiate downstream 

signaling pathways 24. 

3. 1. 1. Virus-sensing TLRs and their ligands 

In mammals. To date, 13 TLRs have been identified in mice and humans: TLR1-9 are conserved 

between the two species, TLR10 is only functional in humans, and TLR11-13 are specific to mice 17. 

The TLR family recognizes a wide range of PAMPs including lipids, lipoproteins, glycans and 
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nucleic acids 24. In humans, only a few TLRs can recognize virus-derived PAMPs, including TLR2, 

TLR3, TLR4, TLR7, TLR8 and TLR9 1. Cell surface-expressed TLR2 and TLR4 are primarily known 

for sensing bacterial PAMPs but are also involved in the recognition of specific viral surface proteins 

during virus attachment 1,19. TLR3 localizes to the endosomal membrane in most cell types but is also 

expressed on the cell surface in fibroblasts and epithelial cells 25, while TLR7, TLR8, and TLR9 are 

exclusively expressed in the endosomal compartment. They all recognize specific viral nucleic acids: 

TLR3 detects dsRNA and ssRNA with internal loops, TLR7 and TLR8 sense ssRNA, TLR9 

recognizes unmethylated CpG motifs present in viral DNA 1 (Figure 2). Importantly, some TLRs, 

including TLR3 and TLR4, are expressed by various cell types, including immune cells but also 

epithelial cells and fibroblasts at a lower level. In contrast, others are mainly expressed by immune 

cells or specific subsets of them: for instance, TLR2 is found in most immune cells, TLR7 and TLR9 

are primarily expressed in plasmacytoid dendritic cells, and TLR8 is mainly present in 

monocytes/macrophages 1,19. 

In fish. Many teleost fish species possess a higher number of tlr genes compared to mammals. To 

date, 21 TLRs (TLR1-5, 5S, TLR7-9, TLR13, 14, TLR18-23, and TLR25-28) have been reported in 

different fish species, as recently reviewed by Nie et al. (2018) 22. However, for most of them, it is 

currently unclear whether there is a cell type-dependent expression profile similar to mammalian 

models 20. 

Some of these TLRs appear to be orthologs of their mammalian counterparts, while others are 

“teleost-specific” 22,23. However, for many fish TLRs, including virus-sensing TLRs, evidence of 

direct recognition of viral PAMPs is still lacking 23,26. Nonetheless, for nucleic acid-binding TLRs, 

including TLR3 and TLR7-9, structural similarities in terms of number of LRR modules and residues 

involved in nucleic acid binding in the N-terminal extracellular domain suggest that ligand specificity 

may be conserved 27. In addition, a few studies have linked fish TLR2, TLR3, TLR4, TLR7, TLR8, 

TLR9, TLR19, TLR21 and TLR22 to viral infections 23,26. For instance, expression of Japanese 

flounder (Paralichthys olivaceus) tlr2 and Grass carp (Ctenopharyngodon idella) tlr4 was induced 

upon infection with Viral hemorrhagic septicemia virus (VHSV) and Grass carp reovirus (GCRV), 

respectively 28–30. Recently, it was also shown that tlr2-/- zebrafish larvae displayed lower nuclear 

factor κB (NF-κB) activity and lower expression of pro-inflammatory genes upon injection with the 

Spike protein of SARS-CoV-2 31. tlr3 knockdown in Japanese flounder cells reduced the immune 

response triggered by polyinosinic:polycytidylic acid (poly(I:C)), a synthetic analog of dsRNA 32. In 

addition, Fugu (Takifugu rubripes) TLR22 and Grass carp TLR19 were found to be primarily 

expressed on the cell surface and in the endosome, respectively, and were both engaged upon 

poly(I:C) stimulation 33,34. TLR7 and TLR8 have been identified in many fish species as reviewed by 
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Poynter et al. (2015) and Pietretti & Wiegertjes (2014) 23,26, but to date, their ligand specificities 

remain poorly characterized experimentally. TLR9 and TLR21, which is present in chicken and binds 

CpG DNA 35, are also expressed in fish 36,37. Fish TLR9 was reported to localize to endosome-like 

vesicles 36 and there is also some evidence that both receptors are able to detect CpG DNA 37. 

However, it is currently unclear whether they play a role during viral infections. 

 

Figure 2: TLR signaling pathway during viral infection in fish and mammals 

Figure adapted from Invivogen (2024) 38. Fish-specific TLRs mentioned in the main text are underlined. 

3. 1. 2. Downstream signaling pathways 

In mammals, upon binding to their respective PAMP(s), TLRs trigger specific signal transduction 

pathways, that are primarily determined by the initial adaptor molecule that interacts with its 
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cytoplasmic domain. Two key adaptor molecules can be directly recruited by TLRs: Myeloid 

differentiation primary response 88 (MyD88) and TIR domain-containing adaptor inducing IFN-β 

(TRIF). Most TLRs can signal via the MyD88-dependent pathway, while TLR3 exclusively signals 

via the TRIF-dependent pathway and TLR4 is able to signal through both 17 (Figure 2). Of note, 

additional adaptor molecules, TIR domain-containing adaptor protein (TIRAP) and TRIF-related 

adaptor molecule (TRAM), are required for linking MyD88 to TLR2 and TLR4 and TRIF to TLR4, 

respectively 24. 

3. 1. 2. 1. MyD88-dependent pathway 

In mammals. Upon recruitment, MyD88 interacts with different interleukin-1 receptor (IL-1R) 

associated kinase (IRAK) family members, including IRAK4 and IRAK1 or IRAK2, thereby forming 

a signaling oligomeric complex called Myddosome. IRAK1 or IRAK2 associate with the E3 ubiquitin 

ligase tumor necrosis factor (TNF) receptor–associated factor 6 (TRAF6), which is then recruited to 

the transforming growth factor (TGF) β-activated kinase 1 (TAK1) complex. In turn, the TAK1 

complex activates two pathways, namely the NF-κB pathway and the mitogen-activated protein 

kinase (MAPK) pathway. TAK1 binds to the inhibitor of NF-κB (IκB) kinase (IKK) complex 

(composed of IKKα, IKKβ, and NF-κB essential modulator (NEMO)), which catalyzes the 

phosphorylation of NF-κB inhibitory protein IκBα leading to its proteasomal degradation. This allows 

NF-κB to translocate to the nucleus and induce the transcription of target genes. In parallel, TAK1 

also activates MAPK family members, including extracellular signal-regulated kinases (ERKs), c-

Jun N-terminal kinases (JNKs) and p38 thereby mediating activation of activator protein (AP)-1 

family transcription factors 17,24. NF-κB and AP-1 induce the transcription of their respective target 

genes. Of note, in plasmacytoid dendritic cells, engagement of TLR7 and TLR9 leads to MyD88 

interaction with IRAK4/IRAK1 and triggers IRF7 activation, resulting in IFN-α expression 17. 

In fish. Most – if not all – components of the downstream adaptor molecules involved in this pathway 

are also present and expressed in fish. However, several copies are often present in fish genomes, 

suggesting that their functions may be more complex. In particular, it was reported that myd88 

knockout in zebrafish impaired TLR-mediated immune response during bacterial infections, thereby 

highlighting a conserved central role of this adaptor protein in TLR signaling pathway 39. In line with 

these results, overexpression of zebrafish IRAK4 and TRAF6 induced the expression of an NF-κB 

reporter gene 40. 

3. 1. 2. 2. TRIF-dependent pathway 

In mammals. TRIF is recruited upon engagement of TLR3 and TLR4 interacts with either ubiquitin 

ligases TRAF6 and TRAF3. TRAF6 recruits the receptor interacting protein kinase (RIP1), which 
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activates the TAK1 complex, leading to a signal transduction cascade similar to the MyD88-

dependent pathway. On the other hand, TRAF3 recruits the TANK-binding kinase (TBK) 1 and 

NEMO kinases, resulting in IFN regulatory factor (IRF) 3 phosphorylation. dimerization and 

translocation into the nucleus, where it induces the expression of type I IFN genes 17. 

In fish. It was shown that Fugu TLR22 and TLR3 as well as Grass carp TLR19 could induce type I 

IFN via a TRIF-dependent pathway 33,34, suggesting that this downstream cascade is conserved in 

fish. 

3. 2. RIG-I-like receptors (RLRs) and related helicases 

Viral replication often results in an accumulation of ssRNA or dsRNA in the cytoplasm, which can 

be detected by cytosolic RNA sensors called RLRs. RLRs belong to the DExD/H box helicase family 

and, unlike TLRs, they are constitutively expressed by almost all cell types and are specialized in 

recognizing viral RNA 1,17. Over the past ten years, non-RLR helicases have also been identified as 

important viral RNA sensors 41. 

3. 2. 1. Structure and ligands 

Structurally, RLRs are composed of two N-terminal caspase recruitment domains (CARD) involved 

in signaling, a central DExD/H-Box helicase domain involved in viral RNA binding, and a C-terminal 

domain that is important for the recognition of specific RNA ligands 24. The RLR family includes 

three members: Retinoic acid inducible I (RIG-I), melanoma differentiation associated gene 5 

(MDA5), Laboratory of genetics and physiology 2 (LGP2). In contrast, non-RLR helicases comprise 

a central DExD/H-Box domain but typically lack the CARD domain and present an alternative C-

terminal domain 41. 

In mammals. In mammals, it has been observed that RIG-I is primarily involved in sensing negative-

strand RNA viruses (e.g. Paramyxoviridae, Rhabdoviridae, Orthomyxoviridae), while MDA5 detects 

positive-strand RNA viruses (e.g. Picornaviridae, Arteriviridae); nonetheless, some viruses are also 

detected by both, including some flaviviruses such as West Nile virus (WNV), Dengue virus (DENV) 

and Japanese encephalitis virus (JEV) 17. In fact, RIG-I and MDA5 are activated by different viral 

RNA structures: RIG-I preferentially binds to short dsRNA (10–300 bp), 5’-mono/di/triphosphate 

dsRNA and 5’-triphosphate ssRNA, among others 41–43. In contrast, MDA5 preferentially recognizes 

long dsRNA (>1,000 bp) 41,42. LGP2 is also able to bind dsRNA but it lacks the N-terminal CARD 

domain involved in signal transduction; it functions as a modulator of RIG-I and MDA5 signaling, 

although its precise role is still unclear 41. Several additional non-RLR members of the DExD/H box 

helicase family, such as DDX1, DDX3, DHX9, DHX15, DHX33, DDX60, SNRNP200, have 
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emerged as alternative viral RNA sensors. Because their precise ligands and functions are still not 

well understood 41, they will not be further discussed in this chapter. 

In fish. In fish, RLR orthologs have been identified and cloned from various fish species, including 

cyprinids, salmonids and catfish, as recently reviewed by Chen et al. (2017) 44. Interestingly, the rig-

I gene was not found in the genomes of fish belonging to the superorder Acanthopterygii, including 

medaka (Oryzias latipes), fugu, green-spotted puffer fish, three-spined stickleback (Gasterosteus 

aculeatus), gilthead seabream (Sparus aurata), European sea bass (Dicentrarchus labrax) and 

mandarin fish (Siniperca chuatsi) 44. In addition, constitutive expression of non-RLR DExD/H-box 

RNA helicases, including DDX1, DDX3, DHX9 was reported in various fish species, as recently 

reviewed in Mojzesz et al. (2020) 18. In most cases, the RNA-binding activity of fish RLRs and related 

DExD/H-box RNA helicases is unknown. Nonetheless, it was demonstrated by pull-down assays that 

rainbow trout MDA5, LGP2, DDX3 and DHX9 were able to bind poly(I:C) 45,46. Further studies are 

needed to determine whether fish RLRs can recognize different RNA structures, in a similar fashion 

to their mammalian counterparts. 

3. 2. 2. Downstream signaling pathways 

In mammals. Upon ligand binding, RIG-I and MDA5 are ubiquitinated, thereby triggering their 

translocation to the mitochondria, where binding to mitochondrial antiviral-signaling protein 

(MAVS) occurs. Interactions with MAVS initiate downstream signaling via the TRAF3 axis leading 

to TBK1 phosphorylation and subsequent activation of IRF3 and IRF7 transcription factors. MAVS 

also recruits adaptor protein TRAF6, resulting in activation of the NF-κB pathway, as described for 

TLR signaling 17 (Figure 3). In addition, non-RLR DExD/H helicases potentiate type I IFN 

production but the precise signaling pathways are currently unclear 41. 

In fish. In fish, signaling pathways downstream of RLRs are poorly described. However, several 

studies have shown via overexpression and knockdown approaches that fish RLRs are able to induce 

the expression of type I IFNs, ISGs and pro-inflammatory cytokines leading to an antiviral state 18. 

For instance, knockdown of zebrafish rig-I resulted in reduced expression of group II type I IFNs 

(IFNφ2 and IFNφ3) upon Nervous necrosis virus (NNV) infection and in reduced inflammatory 

response 47. Similarly, overexpression of Japanese eel (Anguilla japonica) rig-I, zebrafish rig-I 

isoform b, Crucian carp (Carassius auratus) rig-I resulted in the activation of type I IFNs 48–50. 

Similar results were obtained upon overexpression of rainbow trout and Crucian carp mda5 45,49. In 

addition, overexpression of Atlantic salmon MAVS induced the expression of ISGs and offered 

protection against various fish viruses, including VHSV, Infectious hematopoietic necrosis virus 

(IHNV), Spring viremia of carp virus (SVCV) and Epizootic hematopoietic necrosis virus (EHNV) 51. 
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In line with these findings, fish IFN promoter activation was reduced in SVCV-infected EPC cells 

following transfection with dominant negative mutants of key signaling molecules, including MAVS, 

TBK1, IRF3 and IRF7 52. Taken together, these results suggest that RLR-initiated transduction 

pathways are likely conserved in fish. 

Concerning non-RLR DExD/H helicases, the downstream signaling pathways remain to be explored. 

Indeed, it was only reported that overexpression of DDX3 from Orange-spotted grouper (Epinephelus 

coioides) enhanced type I IFN and pro-inflammatory responses and inhibited replication of Red-

spotted grouper nervous necrosis virus (RGNNV) but not Singapore grouper iridovirus (SGIV) 53. 

Similarly, knockdown of rainbow trout DDX3 in RTG-2 cells resulted in increased IHNV 

replication 54. 

 

Figure 3: RLR and CDS signaling pathways during viral infection in mammals 

Figure adapted from Invivogen (2024) 55. 
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3. 3. Cytosolic nucleic acid sensors 

This heterogeneous family includes sensors specific to viral nucleic acids, but with little or no 

structural similarities with one another, contrary to TLRs and NLRs. Sensors in this family can be 

classified as cytosolic DNA sensors (CDS) and cytosolic RNA sensors. 

3. 3. 1. Cytosolic DNA sensors (CDS) 

Upon DNA virus infection, viral DNA is released into the host cell cytoplasm. As DNA of eukaryotic 

cells is located in the nucleus or mitochondrion, cytoplasmic DNA can be detected by several sensor 

molecules, forming an heterogenous family. In mammals, this family comprises several members; 

the best-known are cyclic GMP–AMP synthase (cGAS) 56, DDX41 57, Absent in melanoma 2 (AIM2) 

58 and IFN-γ-inducible protein 16 (IFI16) 59. Due to structural similarities, AIM2 and IFI16 form the 

subfamily of AIM2-like receptors (ALRs) 1 (Figure 3). 

3. 3. 1. 1. Ligands 

In mammals. cGAS has been shown to recognize various DNA species, including dsDNA viruses, 

retroviruses, bacteria, parasites, fungi, as well as cytosolic self-DNA leaked from the nucleus and 

mitochondria 60. Similarly, DDX41 can bind dsDNA of different origins, including synthetic 

repetitive dsDNA (poly(dA:dT) and poly(dG:dC)), Listeria monocytogenes DNA, vaccinia virus 

DNA as well as bacterial secondary messenger c-di-GMP 57,61. AIM2 is also able to bind cytosolic 

DNA of synthetic, bacterial, fungal, viral and host origin 17,58; in particular, AIM2 was reported to 

sense DNA viruses, including poxviruses and herpesviruses 1. Last but not least, IFI16 can bind 

dsDNA genomic fragment from vaccinia virus, among others 59. 

In fish. Orthologs of AIM2 and IFI16 genes were not found in the genomes of fish, chicken and 

frog 62. However, orthologs of cGAS and DDX41 genes have been identified in several fish species, 

as recently reviewed by Mojzesz et al. (2020) 18. In most cases, their specific ligands have not been 

studied. Recently, a study confirmed by pull-down assay that Mandarin fish DDX41 was able to bind 

dsDNA 63. 

3. 3. 1. 2. Downstream signaling pathways 

In mammals. Upon dsDNA binding, CDS proteins (except AIM2) signal through the adaptor 

Stimulator of interferon genes (STING) via direct interactions or production cGAMP from ATP and 

GTP for cGAS 64. In both cases, STING translocates from the endoplasmic reticulum (ER) to the 

Golgi apparatus and activates the TBK1-IRF3 axis and/or the TRAF6-NF-κB axis 64. Interestingly, 

cGAS-generated cGAMP can be transferred to neighboring cells through gap junctions, where it 

promotes STING activation and confers antiviral protection 65. Concerning AIM2, dsDNA binding 
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results in the formation of AIM2 inflammasome, leading to Caspase-1 activation and cleavage of IL-

1β into its active form 17,58. This pathway can also be activated by IFI16 upon detection of viral DNA 

in the nucleus 17. 

In fish. In fish, it was reported that overexpression of zebrafish paralogs, cGASa and cGASb, resulted 

in activation of NF-κB- and type I IFN-inducible reporter genes in a STING-dependent manner 66. In 

contrast, Grass carp cGASb and Grouper cGAS were found to interact with STING but 

downregulated the transcription of genes encoding type I IFNs, ISGs and pro-inflammatory 

cytokines 67,68. It was later discovered that Grass carp cGAS paralogs played opposite regulatory roles 

in the type I IFN response: cGASa potentiates the type I IFN response, while cGASb acts as a negative 

regulator 69. Grass carp cGASb was reported to inhibit RIG-I-dependent signaling pathway by 

interacting with RIG-I and MAVS and promoting MAVS degradation through the autophagic 

pathway 70. These results suggest that fish cGAS may play a more complex role than their mammalian 

counterparts, as specific paralogs act as negative regulators of the IFN response. 

Co-immunoprecipitation (co-IP) assays also confirmed Mandarin fish DDX41 could interact with 

STING to activate the type I IFN cascade 63. Furthermore, overexpression of Grouper DDX41 71, Nile 

tilapia (Oreochromis niloticus) DDX41 72 and Mandarin fish DDX41 63 resulted in enhanced type I 

IFN and pro-inflammatory responses, suggesting that this pathway is also conserved in fish. 

3. 3. 2. Miscellaneous cytosolic RNA sensors 

In mammals. A few additional cytosolic proteins are involved viral RNA sensing but can hardly be 

classified into any specific category, as they act as both viral RNA sensors and antiviral effectors. In 

mammals, the most well-known are the OAS/RNaseL system and the protein kinase R (PKR) 41. 

Oligoadenylate synthetases (OASs) share structural and functional similarities with cGAS 73. They 

are both nucleotidyltransferases activated by double stranded nucleic acids and signal through second 

messenger molecules: OAS enzymes bind to cytosolic dsRNA and subsequently convert ATP into 

2’-5’oligoadenylates that activate the latent endoribonuclease RNaseL. Once activated, RNAseL 

cleaves viral ssRNAs, thereby inhibiting viral replication 41. In addition, cleaved RNA species can 

also activate RIG-I and MDA5, thereby resulting in the production of type I IFNs 41,74. On the other 

hand, PKR is directly activated via binding to dsRNA resulting in phosphorylation of eIF2α and host 

translational arrest 75. It is also involved in the potentiation of both type I IFN and inflammatory 

responses 75. The underlying mechanisms of PKR activity will be described in details in Chapter 2. 

In fish. Contrary to mammals, genes encoding OAS and RNaseL have not been found in any ray-

finned fish species but are still present in cartilaginous fish, indicating that this specific pathway was 
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lost during evolution of Actinopterygii 76. In contrast, paralogs of the mammalian pkr gene have been 

identified in many fish species (refer to Chapter 2 for more details). 

3. 4. NOD-like receptors (NLRs) 

NOD-like receptors (NLRs) are cytosolic proteins involved in the inflammatory and apoptotic 

responses. NLR family members have a similar domain structure characterized by: (1) a LRR-

containing C-terminal domain, which acts as a sensor; (2) a central NACHT domain, mediating 

oligomerization and activation; (3) a N-terminal effector domain, involved in downstream signal 

transduction 17. 

In mammals. Humans and mice express 22 and 34 NLR genes, respectively. Based on the N-terminal 

structure, NLRs are classified into four subfamilies: (1) acidic transactivation domain-containing 

NLR (NLRA), (2) baculoviral inhibitory repeat-like domain-containing NLR (NLRB), (3) CARD-

containing NLR (NLRC1-5 and NLRX1); and (4) pyrin domain-containing NLR (NLRP1-14). Many 

NLRs (primarily NLRP1, NLRP3 and NLRC4), can form inflammasomes, which are signaling 

platforms mediating Caspase-1 activation, leading to IL-1β and IL-18 cleavage into their active forms 

and pyroptosis, a form of programmed cell death. Others (including NLRC3, NLRC5, NLRX1) are 

involved in the downregulation of the inflammatory response 17. NLRs were initially believed to 

exclusively detect bacterial PAMPs, but this hypothesis was later proven false, as some NLRs were 

shown to be involved virus sensing 77,78. In particular, NLRC2 (aka. NOD2) was found to detect 

ssRNA species from Respiratory syncytial virus (RSV) and to induce the expression of IFN-β via 

interaction with adaptor protein MAVS to activate both the IRF3 and NF-κB pathways 78. Similarly, 

NLRP3 can be activated following dsRNA and ssRNA exposure as well as influenza virus infection 

leading to induction of pro-inflammatory cytokines 77. 

In fish. Contrary to mammals, fish NLRs have expanded into very large families of hundreds of 

proteins 79. Interestingly, several of them are characterized by the presence of a C-terminal B30.2 

domain, which is typically present in some tripartite motif containing (TRIM) and Pyrin proteins 79,80. 

The functional role of fish NLRs during viral infection is still unclear and their large expansion makes 

their characterization even more challenging 13,81. 

3. 5. C-type lectin receptors (CLRs) 

C-type lectin receptors (CLRs) are glycosylated transmembrane proteins with a C-terminal 

carbohydrate recognition domain. They form a large family comprising more than 1000 proteins, that 

are expressed by most cell types, but at higher levels in macrophages and dendritic cells. CLRs are 

primarily involved in recognition of glucans, high mannose and fucose structures expressed by fungi, 
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bacteria and/or parasites 17. Nonetheless, a few CLRs are also involved in virus recognition due to 

specific glycan profiles of viral proteins compared to host cell proteins 1. Mechanistically, CLRs 

trigger downstream activation of NF-κB and MAPK pathways, resulting in the induction of 

proinflammatory cytokines 17. Engagement of specific CLRs can also positively or negatively 

modulate the type I IFN response, depending on the cell type and the viral pathogen 82. The functional 

role of these receptors and the downstream signaling pathway will not be specifically discussed in 

this manuscript, as their role in virus sensing is thought to be relatively minor. 

4. Early cytokine response: focus on the type I IFN response 

Upon binding to their respective ligands, PRRs activate distinct but converging downstream signaling 

pathways, resulting in the expression of diverse cytokines. Most cytokines induced by viral infection 

are produced by immune cells; however, type I IFNs, TNFs, TGF-β, IL-1, and IL-6 are also secreted 

by non-immune cells such as fibroblasts and epithelial cells. It should be kept in mind that each virus 

triggers the expression of a specific mix of cytokines, depending on its type, replication cycle and 

immune subversion strategies 1. The early cytokine response following viral infection has three main 

functions: (1) to block viral spread; (2) to activate and/or recruit cells involved in the innate immune 

response, including macrophages, dendritic cells, natural killer cells and neutrophils; (3) to participate 

in activating adaptive T and B cell responses 1. The following section aims to provide an overview of 

the signaling cascade triggered by type I IFNs and how they fulfill the first goal mentioned above. 

4. 1. Transcription factors 

In both mammals and fish, most viruses activate the NF-κB, IRF3/IRF7, IRF1 and AP-1 pathways, 

which result in the production of specific cytokines. 

Under normal conditions, NF-κB dimers are held inactive in the cell cytosol through association with 

IκB, which blocks NF-κB nuclear localization signal 83. Upon stress stimuli, the IκB kinase complex 

(IKK) is activated by phosphorylation, leading to phosphorylation, ubiquitination and subsequent 

degradation of IκB proteins via the proteasomal pathway. Released NF-κB translocates to the nucleus 

and binds specific regulatory elements, thereby inducing the transcription of its target genes 83. Once 

activated, NF-κB drives the transcription of over 150 target genes including interleukins (IL-1, IL-2, 

IL-6, IL-8, IL-9, IL-11, IL-12, IL-15), IFNs (IFN-γ, IFN-β) and IRF1, among others 84. 

IRF3 and IRF7 are both activated through phosphorylation, resulting in the formation of homo- or 

heterodimers. IRF3/7 dimers then translocate into the nucleus, where they induce the expression of 

multiple genes most notably type I IFNs 85. Besides IRF3 and IRF7, IRF1 is also a key transcription 
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factor, which can be directly activated via interactions with MyD88; once translocated into the 

nucleus, IRF1 can bind directly to the promoters of type I IFNs as well as several ISGs 17. 

AP-1 is a generic term referring to dimeric transcription factors composed of subunits from the Jun, 

Fos and Activating transcription factor (ATF) families, which are all downstream targets of the 

MAPK pathway. AP-1 interacts with ~2000 target genes including proinflammatory cytokines 86. 

4. 2. Interferons (IFNs) 

4. 2. 1. Types of IFNs 

In the modern classification of cytokines, helical cytokines are divided into two classes (class I and 

class II) based on the structure of their receptors. Class II cytokines contain some interleukins, 

including IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-29 as well as IFNs 87,88. 

4. 2. 1. 1. In mammals 

In mammals, IFNs can be subdivided into three different families, based on sequence similarities, 

structural features, receptor types and biological functions 89. 

• Type I IFNs 

Type I IFNs include IFN-α (13 subtypes in humans), IFN-β, IFN-ε, IFN-κ, and IFN-ω in humans as 

well as a few others in other mammals (e.g. IFN-δ in pig, IFN-τ in cattle, IFN-ζ in mouse) 89,90. In 

mammals, type I IFN-encoding genes (except IFNK) are intronless and clustered together on a single 

locus located on Chr9 in humans and Chr4 in mouse. IFN-α/β can be produced by many cell types 

including non-immune cells, although plasmacytoid dendritic cells are major producers of IFN-α 89. 

Mechanistically, they all bind a common heterodimeric receptor complex, composed of IFN-α/β 

receptor (IFNAR) 1 and IFNAR2 chains 89,91. 

• Type II IFN 

Type II IFN include a single member called IFN-γ. It forms a homodimer and binds the IFN-γ receptor 

complex, composed of two IFN-γ receptor (IFNGR) 1 and two IFNGR2 92. IFN-γ is mainly produced 

by NK and T helper 1 cells but most cell types are capable of responding to IFN-γ due to the 

ubiquitous expression of IFNGR1/2 93. 

• Type III IFNs  

Type III IFNs are also known as IFN-λ and include four members: IFN-λ1 (IL-29), IFNλ-2 (aka. IL-

28A) and IFN-λ3 (aka. IL-28B), and IFN-λ4 94. They bind to a receptor complex formed by IL-28R1 

and IL-10R2 90. They are primarily produced by epithelial cells 94. 
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During viral infections, both type I IFNs and type III IFNs are strongly induced and play a major role 

in the early innate response against viruses; for this reason, they are often called “virus-induced 

IFNs”. Type I and type III IFNs signal through the same JAK-STAT pathway and induce the 

expression of similar ISGs 94. However, it was suggested that type III IFNs were involved in 

controlling local low-level infections at epithelial barriers while more severe infections trigger a type 

I IFN-driven systemic response 94. In contrast, IFN-γ is a regulatory cytokine playing a key role in 

bridging the innate and adaptive responses against viral and intracellular bacterial infections by 

promoting macrophage activation, enhancing antigen presentation and participating in the 

differentiation of naive CD4 T cells into T helper 1 effectors 95. 

4. 2. 1. 2. In fish 

Like mammals, fish also possess class II cytokines and their receptors 88. Similar to mammals, all 

three types of IFNs have been identified in early finned fish and cartilaginous fish, but type III IFNs 

appear to be absent in teleost fish 88,96,97. Recently, type IV IFNs have also been discovered in fish 98. 

• Type I IFNs 

Diversity. In fish, the number of type I IFN genes greatly varies from one species to another 88,99. For 

instance, 2 type I IFN genes were identified in Medaka 100, 3 genes in Obscure pufferfish (Takifugu 

obscures) 101, 4 genes (IFNφ1-4) in zebrafish 5,102, 11 genes in Atlantic salmon 103, 16 genes in channel 

catfish (Ictalurus punctatus) 104, and at least 18 genes in rainbow trout 105. Nonetheless, it should be 

noted that these studies were based on genome assemblies of uneven quality; it is therefore possible 

that more type I IFN genes are present in the genome of some of these fish species. 

Gene structure. Contrary to mammals, teleost type I IFNs genes consist of 5 exons and 4 introns, 

which is similar to the gene structure of type III IFNs 6. This feature, along with the fact that fish type 

I IFN receptors have common structural features with mammalian type III IFN receptors, led to the 

initial hypothesis that fish type I IFNs were possibly orthologs of mammalian type III IFNs 106. 

However, this hypothesis was later refuted with a crystallography study: the structure of zebrafish 

IFNφ1 and IFNφ2 confirmed that fish type I IFNs belong to the type I IFN family 107. 

Classification. Based on structural features and phylogenetic analysis, fish type I IFNs can be further 

classified into three groups 96,97. A criterion of structural distinction is the presence of 2 or 4 cysteines 

in the mature peptide sequence, which are predicted to be involved in the formation of 1 or 2 disulfide 

bridges 108. 

Group I IFN sequences comprise one pair of cysteines (C1/C3); they can be further divided into 

phylogenetic subgroups, including IFNa, IFNd and IFNe found in salmonids, as well IFNh identified 

in perciform species 109 (Figure 4). Of note, zebrafish IFNφ1 belongs to subgroup a, while IFNφ4 
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falls into subgroup d 99. In zebrafish, group I IFNs signal through the heterodimeric receptor complex, 

which consists of long-chain cytokine receptor family B (CRFB) 1  and short-chain CRFB5 102. 

Consistently, Nile tilapia IFNd, IFNh and yellow croaker (Larimichthys crocea) IFNd also 

preferentially bind to CRFB1 and CRFB5 110,111. 

Group II IFN sequences contain two conserved pairs of cysteines (C1/C3 and C2/C4). Like group I, 

they are divided into subgroups b and c in salmonids 109 (Figure 4). Zebrafish IFNφ2 and IFNφ3 both 

fall into subgroup c 99. Interestingly, while group I IFNs seem to be present in all fish species, group 

II IFNs appear to be restricted to specific fish species, including cyprinids, salmonids and perciform 

fish 88,105. In zebrafish, group II IFNs signal through a heterodimeric receptor CRFB2/CRFB5 102. 

Similar findings were recently obtained with Nile tilapia and yellow croaker IFNc 110,112. 

Group III IFNs (aka. IFNf) also comprise four conserved cysteines and were initially grouped 

together with group II IFNs 88. However, phylogenetic analysis revealed that IFNf is not a member 

of group II IFNs 96,97. This is further supported by the observation that group III IFNs are found in 

cartilaginous and ray-finned fish, while group I and group II IFNs are specific to Actinopterygii 97. 

The expression profiles and functional roles of type I IFNs in fish will be discussed in Section 4. 2. 

2. 

• Type II IFNs 

Contrary to mammals, which only express one type II IFN (IFN-γ), two paralogs encoding type II 

IFNs, called IFN-γ and IFN-γ-rel (standing for IFN-γ-related gene), have been reported in several 

teleost groups, including tetraodontiforms 101,113, catfish 104,114, cyprinids 113,115,116 and 

salmonids 117,118. Phylogenetic studies indicate that ifn-y-rel arose from a tandem duplication of IFN-

γ during teleost evolution 97. Both genes have the canonical genomic structure of 4 exons and 3 introns 

found in all jawed vertebrates. The structure of IFN-γ and IFN-γ-rel receptors is not fully understood. 

In zebrafish, it appears that the type II IFNs use different receptor complexes: IFNγrelR consists of 

CRFB6, CRFB13 and CRFB17, while IFNγR includes CRFB17, but not CRFB6 or CRFB13 119. 

Furthermore, while IFN-γ acts as a homodimer like its mammalian counterparts, IFN-γ-rel functions 

both as a monomer and homodimer 120. Functionally, fish IFN-γ seems to exert similar functions as 

their mammalian counterparts although the precise roles of IFN-γ and IFN-γ-rel are currently 

unclear 88. 

• Type III IFNs 

While type III IFNs appear to be absent in teleost fish 99, IFN-λ-encoding genes forming a clade with 

tetrapod IFN-λ-encoding genes have recently been identified in cartilaginous fish, suggesting that 



 Introduction – Chapter 1  

 19 

IFN-λ existed in the jawed vertebrate ancestors 97. However, functional analyses have yet to be 

performed to identify their precise role in fish. 

 

Figure 4: Phylogenetic tree analysis of fish type IFNs and the resulting classification 

Figure taken from Liu et al. (2019) 96 

• Type IV IFNs 

Recently, Chen et al. (2022) reported the identification of a novel class II cytokine, referred to as 

IFN-υ and its receptors, CRFB12 and CRFB4, in zebrafish 98. Importantly, bioinformatic analysis 

revealed that IFN-υ-encoding genes were also present in the genome of other vertebrates including 

other teleost fish, cartilaginous fish, amphibians, reptiles, birds as well as a few mammals 

(platypus) 98. Based on sequence features, phylogenetic analysis and receptor types, IFN-υ was 

proposed to be classified as a novel type IV IFN. Overexpression and knockout studies further 

revealed that zebrafish IFN-υ was able to modulate the expression of ISGs and to inhibit GCRV 

replication 98. Similar properties were recently described for IFN-υ from Black carp 

(Mylopharyngodon piceus) 121 as well as African clawed frog (Xenopus laevis) 122 and mallard 

(Anas platyrhynchos) 123. 
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Fish, even more so than mammals, have a wide range of IFN genes, particularly type I IFNs. This 

diversity stems from the WGD events along with local duplications and was likely fostered by the 

need to combat viral subversion strategies 99. The following section focuses on the variations in 

expression and function between fish type I IFNs, which are the canonical virus-induced IFNs. 

Therefore, type II, III and IV IFNs will not be further discussed in this manuscript. 

4. 2. 2. Spatio-temporal expression of type I IFNs 

4. 2. 2. 1. In mammals 

In mammals, the current view concerning the type I IFN response is that most cell types are capable 

of producing IFN-β upon virus detection; in parallel, some immune cells, such as plasmacytoid 

dendritic cells can produce very high levels of IFN-α 124. However, the ratio of IFN-α and IFN-β 

produced following viral infection can greatly vary depending on the tissue studied, the virus type 

and the time post-infection 89. Indeed, during a systemic infection there are two waves of IFN 

production: an early wave (IFN-α4 and/or IFN-β) and a late wave (IFN-α2,-5,-6,-8) 125. The first wave 

is initiated by infected cells while the late wave results from the activation of a positive-feedback 

loop in both infected and non-infected cells 124. 

Molecularly, differences in expression dynamics are primarily due to two main factors: 

(1) differences in promoter structure and IRF binding site combinations between type I IFN genes; 

and (2) differences in IRF expression between cell types. For instance, the promoter of IFN-β contains 

binding sites for IRF family members, including IRF3 and IRF7 which operate as homodimers 

(IRF3/3, IRF7/7) or heterodimers (IRF3/7), NF-κB and AP-1. In contrast, the promoters of IFN-α-

encoding genes contain IRF-binding sites only and are preferentially activated by IRF7 124. In 

mammals, IRF3 is ubiquitously and constitutively expressed. On the other hand, IRF7 is highly 

inducible but is poorly expressed by most cells at the steady state except by plasmacytoid dendritic 

cells. As a consequence, during the early phase of infection, IFN-β and IFN-α can be rapidly 

transcribed in a IRF3-dependent manner in infected non-immune cells and in a IRF7-dependent 

manner in plasmacytoid dendritic cells, respectively. Activation of the type I IFN signaling pathway 

in infected and neighbouring cells induce high levels of IRF7, resulting in a second type I IFN 

wave 124. 

4. 2. 2. 2. In fish 

The expression kinetics and tissue specificity of type I IFNs are unclear in fish. Nonetheless, a few 

studies provide some clues concerning the temporal and spatial expression dynamics. 
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Temporal and spatial expression patterns 

In salmonids, group I IFNs are induced in most fish cells (e.g. fibroblasts, macrophages, leukocytes) 

and tissues after viral infection or activation by viral PAMPs (e.g. poly(I:C)) and has been reported 

to upregulate a wide array of ISGs 88,103,105,108. In contrast, group II IFNs appear to have a low basal 

expression but are strongly upregulated in lymphoid organs and head kidney leukocytes upon 

poly(I:C) stimulation and viral infection 103,105,108. These results were further confirmed by qPCR and 

in situ hybridization studies: while group I IFNa was strongly induced in vitro and in vivo in many 

cells from various tissues upon stimulation with poly(I:C), group II IFNb and IFNc were coexpressed 

in specific cells from lymphoid organs upon TLR7 engagement 126. In contrast, opposite results were 

reported in zebrafish: it was observed that group I IFNφ1 was primarily expressed by neutrophils and 

hepatocytes during Chikungunya virus (CHIKV) infection 127, while group II IFNφ3 was expressed 

by more cell types including fibroblasts, endothelial cells, hepatocytes 21,99. Boudinot et al. (2016) 

also noted that, although expression patterns in cyprinids and salmonids seem to be diametrically 

opposed (group II specifically expressed by immune cells in salmonids vs. group I in cyprinids), no 

hasty conclusions can be dawn at this point due to differences in life stages and induction kinetics in 

the different studies 99. Nonetheless, it seems that in a similar fashion to mammals, some IFNs are 

ubiquitously expressed in an “IFN-β” manner, while others are expressed in an “IFN-α” manner by 

specific immune cells 21. 

In terms of promoter structure activity, it was reported that Atlantic salmon IFNa1 and IFNa2 genes 

are controlled by two distinct promoter regions called PR-I and PR-II 128. In a similar fashion to 

mammalian IFNB gene, PR-I contains IRF-binding elements and NF-κB-binding element and is 

highly induced by poly(I:C) treatment, while PR-II contains binding sites for IRFs and AP-1 but is 

poorly induced by poly(I:C) 128. In zebrafish, it was shown that the promoter of group I IFNφ1 is 

controlled by IRF3, IRF7 and IRF1, and that of group II IFNφ3 by IRF7 and IRF1 but not IRF3 129, 

which is not in line with the in vivo cell-specific expression of these genes mentioned above, if we 

consider the mammalian model framework. These results further highlight the fact that the different 

subgroups of fish and mammalian type I IFNs do not function in a similar fashion and no immediate 

parallel can be drawn. 

At the cellular level: secreted and intracellular IFNs 

At the cellular level, an important and intriguing feature of some fish type I IFNs is that they can be 

transcribed into two forms: a short transcript encoding a secreted protein with a signal peptide and a 

long transcript encoding an intracellular protein 106,117,130. This phenomenon has been described in 

both cyprinids and salmonids in group I IFN genes only 99. Interestingly, type I IFN genes harboring 
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or lacking a signal peptide have also been identified in catfish, suggesting that secreted and 

intracellular IFNs may exist in other species 131. 

In zebrafish, the mechanism is based on alternative splicing (exon 1’ is spliced out in the secreted 

form while part of exon 1 is spliced out in the intracellular form) coupled with alternative start 

codons 106 (Figure 5, left). The intracellular IFNφ1 form is constitutively expressed but poorly 

induced upon viral infection, while the secreted form is highly induced upon SVCV infection 106. In 

rainbow trout, IFNa variants result from the alternative splicing of two introns leading to the 

alternative localization of the start codon 130 (Figure 5, right). In a similar fashion to zebrafish, 

intracellular splice variants are constitutively expressed while the secreted form is highly induced 

following poly(I:C) stimulation and viral infection 130. It has also been suggested that the transcription 

of secreted and intracellular forms were under the control of two distinct promoter regions, as 

discussed above 117,128. Importantly, both forms were able to induce the expression of downstream 

ISGs and to limit viral infections 130. 

 

Figure 5: Mechanisms leading to the expression of secreted and intracellular type I IFNs in zebrafish and 

rainbow trout 

White boxes represent exons (numbered 1-3); in transcripts, dotted lines represent spliced introns and plain lines represent 

unspliced introns. The black arrow corresponds to the start codon of the secreted IFN CDS. Figure modified from 

Boudinot et al. (2016) 99. 

4. 3. Type I IFN signaling pathway and other ISG induction pathways 

4. 3. 1. JAK-STAT pathway 

In mammals. In mammals, binding of type I IFNs to their respective receptors in an autocrine or 

paracrine fashion triggers a signal transduction cascade via the JAK-STAT pathway, which relies on 

Janus kinases (JAKs) and signal transducers and activators of transcription (STATs) 90 (Figure 6). 

The JAK family contains 4 members, JAK1, JAK2, JAK3 and tyrosine kinase 2 (TYK2); JAK1 and 

TYK2 are essential in the type I IFN signaling pathway 90. At the steady state, the cytoplasmic 
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domains of IFNAR1 and IFNAR2 are bound to TYK2 and JAK1, respectively. Upon IFN binding, 

the two JAK proteins are activated by transphosphorylation and promote the phosphorylation of 

STAT1 and STAT2. Activated STAT1 and STAT2 heterodimerize and assemble with IRF9 to form 

a complex called ISG factor 3 (ISGF3). ISGF3 then translocates to the nucleus where it binds to IFN-

stimulated response elements (ISREs) in the promoter region of ISGs, thereby inducing their 

transcription 90. 

In fish. As recently reviewed by Gan et al. (2019), homologs of genes encoding components of the 

JAK-STAT pathway – TYK2, JAK1, STAT1, STAT2 and IRF9 – have been identified in several fish 

species, although several copies may exist 20. Studies in Grass carp also showed that poly(I:C) 

stimulation induced the phosphorylation of both TYK2 and JAK1 132. Similarly, Atlantic salmon 

STAT1a, STAT2a and STAT2b were phosphorylated at tyrosine residues and could translocate into 

the nucleus following the stimulation with recombinant type I IFN 133,134. Co-IP assays further 

demonstrated that STAT1a could interact with STAT2a, STAT2b and IRF9, suggesting that the 

ISGF3 complex may also occur in fish 134. Similar results were recently obtained with Mandarin fish 

STAT1, STAT2 and IRF9 135. Our team also confirmed using a stat2-/- and stat1a1-/- stat1a2-/- cell 

lines combined with RNA-Seq and RT-qPCR analysis that STAT2 was required for type I IFN 

signaling but not type II IFN signaling while STAT1a1 and/or STAT1a2 were required for both 

pathways 136. Taken together, these results suggest that the JAK-STAT signaling pathway 

downstream of type I IFN receptors is conserved in fish and mammals. 

 

Figure 6: Ligand-receptor and downstream signaling pathway for type I IFNs in fish 

Figure taken from Gan et al. (2019) 20 
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4. 3. 2. IFN-independent pathway 

In mammals. While ISGs are, by definition, upregulated following type I IFN stimulation, a subset 

can also be directly induced via binding of IRF3, IRF1 and/or NF-κB to their promoter, in a JAK-

STAT- and IFN-independent manner 137–139. This subset of ISGs includes Mx1, Mx2, C-X-C motif 

ligand (CXCL) 10, ISG15, Viperin and PKR among others 139. The IFN-independent transcription of 

PKR and Viperin and the underlying mechanisms are presented in Chapter 2, Section 4. 2 and 

Chapter 3, Section 4. 2, respectively. 

In fish. Several studies have reported that some ISGs, including mx1-3, viperin and rig-I, could be 

induced in fish models even in presence of the protein synthesis inhibitor cycloheximide 140–142. 

Similar results were recently obtained using CRFB1 and CRFB2 knockdown zebrafish larvae infected 

with CHIKV 15,143. Taken together, these findings indicate that IFN-independent pathways are also 

present in fish.  

4. 4. ISG diversity in fish and mammals 

4. 4. 1. Diversity of genes and functions in mammals 

The type I IFN pathway and other alternative pathways described above induce the expression of 

several hundreds of ISGs that have a wide range of activities. Overall, ISG products can be classified 

into four categories based on their functions: (1) effectors with direct antiviral function that target 

specific viral components; (2) modulators of host metabolic pathways exploited during specific steps 

of the viral life cycle; (3) positive regulators of the type I IFN response (i.e. enhancers of pathogen 

sensing and downstream signaling pathway) and (4) negative regulators of the type I IFN system 138. 

Antiviral effectors. Examples of ISG products falling into category 1 and category 2 include Mx and 

Cholesterol-25-hydroxylase (Ch25h), respectively. Mx proteins are known for their direct antiviral 

action relying on the sequestration of viral nucleocapsids into oligomer rings, thereby inhibiting viral 

replication 144. On the other hand, Ch25h produces oxysterols that modify the plasma membrane, 

thereby blocking the virus-cell membrane fusion of enveloped viruses 145. 

Positive regulators. Positive regulators of the type I IFN (category 3) typically include genes 

encoding PRRs, adaptors, signal transducers and transcription factors. These genes are often 

expressed in cells at the steady state, but they are further induced following IFN stimulation to 

reinforce pathogen detection and IFN signaling in a positive feedback loop 138,146. 

Negative regulators. Although the type I IFN response is effective to fight viral infection and limit 

viral spread, it also disrupts normal cell metabolism and has to be controlled to avoid detrimental 

hyperinflammation and so-called “interferonopathies”, which may result from overactivation of the 
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type I IFN pathway 147. Control of the IFN response is mediated by negative regulators, which allow 

IFN-stimulated cells to recover from IFN signaling and restore cellular homeostasis. Negative 

regulators include ubiquitin ligases, phosphatases and direct inhibitors, among others 147. For 

instance, E3 ubiquitin ligase ring finger protein 125 (RNF125) can target RIG-I, MDA5, and MAVS 

for ubiquitin-mediated proteasomal degradation 148. Similarly, several TRIM proteins are involved in 

ubiquitination of PRRs and signaling adaptors, leading to inhibition of type I IFN induction 147. In 

addition, IFN-stimulated suppressor of cytokine signaling proteins (SOCS) act as pseudosubstrates 

for JAKs, while protein inhibitors of activated STAT (PIAS) proteins bind phosphorylated STATs, 

thereby interrupting the JAK-STAT pathway 147.  

It should also be noted that the aforementioned categories (especially categories 1-3) are non-

exclusive and some genes can be classified into more than one category. For instance, ISG15 can be 

covalently conjugated onto both viral and host proteins through a process called ISGylation leading 

to inhibition of viral replication via both direct (category 1) and indirect (category 2) mechanisms. In 

addition, unconjugated ISG15 operates as a cytokine with immunomodulatory activities (category 3), 

including induction of NK cell proliferation, dendritic cell maturation and stimulation of IFN-γ 

production, among others 149. Similarly, Viperin falls into the first three categories, as it inhibits viral 

RNA-dependent RNA polymerases 150, promotes the degradation of viral proteins through the 

proteasome pathway, inhibits cholesterol biosynthesis (important for the budding of specific viruses) 

and modulates specific innate immune signaling pathways 151. PKR is another “multitasking” ISG, as 

it inhibits host protein translation and promotes apoptosis, which are both detrimental to viral 

replication, but also potentiates the type I IFN and inflammatory responses 75. The mechanisms of 

action of PKR and Viperin are described in detail in Chapter 2 and Chapter 3, respectively. 

Taken together, these few examples highlight the diversity of direct and indirect antiviral functions 

by which ISGs combat viral infections. Nonetheless, despite extensive biochemical and functional 

studies on dozens of ISGs, the functions of many others remain unknown. In mammals, large-scale 

screens have started to evaluate the antiviral properties of each ISG against different types of viruses 

in different species 146. These screens revealed that some ISGs, such as IRF1, RIG-I and MDA5, have 

a broad antiviral activity, while others are virus-specific 146. 

4. 4. 2. Identification of conserved “core” ISGs in fish 

Several ISGs described in mammals have also been found in fish, although several paralogs are often 

present due to whole genome duplication and tandem duplication events that occurred during 

evolution. Microarray and RNA-seq studies of poly(I:C)-stimulated, IFN-treated or virus-infected 

cells confirmed that many of the typical highly induced mammalian ISGs are also found in different 
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fish species, including zebrafish 15,143, common carp (Cyprinus carpio) 152 and salmonids 136,153. For 

instance, 337 ISGs were identified in IFNφ1-stimulated zebrafish larvae, of which 200 genes were 

orthologous to at least one human gene, including 97 genes orthologous to at least one human ISG, 

which could be classified 72 orthology groups 15. These data imply that, although there are still gaps 

of knowledge concerning IFN and ISG induction pathways in fish, core ISG subsets are conserved 

between mammals and fish. Function-wise, this core ISG repertoire includes most of the components 

of the IFN system as well as many downstream antiviral effectors 15 (Figure 7). 

This notion of a conserved core ISG group in fish was further confirmed in Atlantic salmon and 

rainbow trout by analyzing the transcriptomic response to poly(I:C) in both head kidney tissue (in 

vivo) and in purified head kidney leukocytes (ex vivo) in both species 153. Similarly, most of the genes 

included in the core ISG group defined by Levraud et al. (2019) were also found in both sub-genomes 

of allotetraploid common carp following poly(I:C) stimulation, indicating a high degree of retained 

ohnologs 152. Interestingly, these studies revealed that a significant proportion (~one third) of the ISG 

repertoire in fish have no human ortholog and vice-versa indicating the presence of a large diversity 

of ISGs adapted to each species, likely due to the strong pressure from pathogens 15,153. 

 

Figure 7: Schematic representation of a “core ISG repertoire” conserved between zebrafish and mammals, 

classified by molecular functions 

Figure taken from Levraud et al. (2019) 15. 
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Nonetheless, it should be kept in mind that even for fish genes with a true mammalian ortholog, 

whether the underlying antiviral mechanisms are similar often remains to be explored. 

4. 4. 3. Context-specific diversity of expression 

Although hundreds of ISGs have been identified in both mammals and fish, all of them are not 

expressed in a given cell during viral infection. Indeed, the ISG expression profile may vary 

depending on the virus and its evasion strategies, the infection stage, the cell type or tissue and the 

host life stage. In mammals, many studies based on high-throughput approaches (e.g. microarrays, 

RNA-Seq) have explored differential ISG expression patterns between cell types and viruses 154,155. 

In fish, similar contrasting results were obtained in zebrafish larvae infected with CHIKV and IHNV 

143. This study further showed that ISGs were expressed in a tissue-specific manner, mainly in liver, 

gut and blood vessels 143. 

4. 5. Apoptosis: at the crossroad of type IFN cascade and TNF cascade 

Apoptosis, also known as programmed cell death, is a highly regulated biological process, whereby 

cells undergo systematic self-destruction in response to diverse stimuli, including exposure to 

pathogens 156. Unlike necrotic cells, apoptotic cells do not spill out their cellular contents but produce 

apoptotic bodies that can be phagocytosed without initiating an inflammatory response. It is 

commonly accepted that apoptosis is a host defense mechanism against viruses. Indeed, during a viral 

infection, triggering apoptosis at an early infection stage can limit viral propagation by preventing 

the virus from complete its life cycle in infected cells 157. 

Mechanistically, apoptosis can be triggered by two distinct signaling cascades: (1) the extrinsic 

pathway aka. death receptor pathway and (2) the intrinsic pathway aka. mitochondrial pathway 

(Figure 8). 

The extrinsic pathway is activated via binding to extracellular ligands (e.g. TNF-α, FS-7-associated 

surface antigen (FAS) ligand (FASL), TNF related apoptosis inducing ligand (TRAIL)) to 

transmembrane death receptors (e.g. TNF receptor 1 (TNFR1), FAS receptor (FASR)). The 

ligand/receptor binding results in the recruitment of adaptor proteins, such as FAS-associated death 

domain protein (FADD) upon engagement of FASR and TNFR1 associated death domain protein 

(TRADD), FADD and RIP upon engagement of TNFR1. In both cases, FADD associates with 

procaspase-8 resulting in the formation of a death-inducing signaling complex (DISC) and in the 

auto-catalytic activation of procaspase-8 158. 

In contrast, the intrinsic pathway mediated by B-cell lymphoma 2 (BCL-2)-associated X protein 

(BAX)/BCL-2 homologous antagonist killer (BAK) insertion into mitochondrial membrane with 
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subsequent cytochrome c released which associates with apoptotic peptidase activating factor 1 

(APAF1) and procaspase-9 to produce the apoptosome. 

Both of these pathways converge on the activation of the caspase cascade, which constitutes the 

execution phase of apoptosis 158. Of note, cross-talk exists between the two pathways: for instance, 

the release of mitochondrial cytochrome c can be triggered via cleavage of BH3 interacting-domain 

death agonist (BID) by Caspase 8 following activation of the FAS/FASR pathway 159,160. 

 

Figure 8: Mechanism of intrinsic and extrinsic pathways leading to apoptosis 

Figure taken from Wani et al. (2023) 161 

In mammals, type I and type II IFNs were shown to induce the expression of pro-apoptotic ISGs, 

including genes coding for proteins from the aforementioned extrinsic pathway as well other pro-

apoptotic genes such as PKR 1,162. The molecular mechanisms by which PKR activates apoptosis will 

be discussed in Chapter 2. In addition, the pro-inflammatory cytokine TNF-α, primarily induced by 

NF-κB, plays a direct role in the activation of the extrinsic pathway, as mentioned above. 

Furthermore, TRADD also binds TRAF2, which activates both the NF-κB pathway and the MAPK 

pathway, via a positive feedback loop 1. 

It is important to keep in mind that apoptosis can also be advantageous for the virus at the late stage 

of viral replication, as it may facilitate viral release and dissemination 163,164. In mammals, many 

viruses were found to exploit the host apoptotic pathways via modulation key apoptotic proteins 163. 
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A few examples of fish viruses hijacking host apoptotic mechanisms are discussed in the following 

section. 

5. Viral subversion mechanisms of the type I IFN response 

Thanks to their ligand diversity and subcellular localization, PRRs form a complex surveillance 

network at the cellular level, allowing the host to respond rapidly to viral infection via activation of 

different transduction pathways resulting in the production of a wide array of cytokines and ISG 

products. The complexity of the signaling pathways and the diversity of cytokines and antiviral 

factors testify to the dynamic interactions between host and virus. Indeed, it is commonly accepted 

that the evasion strategies developed by viruses have participated in shaping the current host antiviral 

immune mechanisms. Similar evasion mechanisms are implemented by fish viruses, but they remain 

poorly described compared to viruses affecting mammals 21,165. Overall, subversion strategies include 

inhibition of PRR activation, dampening of signaling transduction, evasion of specific ISG function 

and manipulation of apoptosis and autophagy 165. A few examples of immune evasion strategies 

exploited by three important fish virus families, namely novirhabdoviruses (e.g. VHSV, IHNV), 

birnaviruses (e.g. Infectious pancreatic necrosis virus, IPNV) and orthomyxoviruses (e.g. Infectious 

salmon anemia virus, ISAV) are briefly discussed hereafter. 

5. 1. VHSV and IHNV evasion strategies 

Novirhabdoviruses are enveloped negative-sense single-stranded RNA viruses known for infecting 

various fish species. Their genome contains six genes coding for six distinct proteins, including the 

nucleoprotein N, the polymerase-associated protein P, the matrix protein M, the surface glycoprotein 

G, the RNA-dependent RNA polymerase L and the small non-structural non-virion protein NV; 

which are expressed in a concentration gradient manner (N > P > M> G> NV > L) 166. Over the past 

few years, several proteins, including NV, M and N have been found to be involved in immune 

evasion strategies, as recently reviewed by He et al. (2021) 167. It was initially observed that a 

recombinant VHSV lacking NV (rVHSV-ΔNV-EGFP) induced the expression of a reporter gene 

under the control of Japanese flounder mx promoter at a higher level than WT VHSV, suggesting that 

NV inhibits the type I IFN response 168. The immunosuppressive function of VHSV NV was further 

confirmed by transcriptomic analysis in rainbow trout after intraperitoneal injection of recombinant 

NV from VHSV 169 and following infection with rVHSV-ΔNV compared to WT virus 170. 

Mechanistically, Biacchesi et al. (2017) demonstrated that VHSV NV protein recruits host 

Mg2+/Mn2+-dependent protein phosphatase (PPM) 1Bb, which acts as a negative regulator of the IFN 

response through modulation of TBK1 phosphorylation 171. Importantly, it seems that this 
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immunosuppressive effect is strain/isolate-dependent: indeed, NV from VHSV genotype IVb appear 

to enhance the type I IFN pathway 172. 

Using both rVHSV-ΔNV and overexpression approaches, it was further shown that VHSV NV could 

suppress TNF-α-mediated NF-κB activation 173. Similarly, IHNV NV could block the degradation of 

the IκBα and suppress NF-κB nuclear translocation 174. VHSV and IHNV NV were also reported to 

inhibit apoptosis at the early stage of viral infection 175. 

5. 2. IPNV evasion strategies 

Aquabirnaviruses are non-enveloped segmented dsRNA viruses affecting fish species, IPNV being 

the main representative of this genus. In a similar fashion to VHSV, IPNV has been shown to suppress 

type I IFN signaling in a RTG-derived reporter system stimulated with poly(I:C) but not in rainbow 

trout head kidney macrophages 176. IPNV VP4 and VP5 were further reported to inhibit IFNa1-

induced activation of mx promoter 177. Similarly, IPNV preVP2, VP3 and VP4 were able to inhibit 

MAVS- and IRF1- and IRF3-mediated activation of ifna1 promoter, while IPNV VP5 exerted an 

inhibitor effect against MAVS- and IRF1-mediated activation only 178. Nonetheless, the exact 

mechanisms by which IPNV impairs these signaling pathways are presently not understood. Of note, 

it has been suggested that IPNV evasion from the type I IFN response could contribute to viral 

persistence and development of persistently infected carrier fish 179, which is a phenomenon 

commonly observed in farmed Atlantic salmon 180,181. 

5. 3. ISAV evasion strategies 

ISAV is an enveloped segmented negative-sense ssRNA virus belonging to the family 

Orthomyxoviridae. At least two ISAV proteins encoded by the genomic segments 7 and 8, s7ORF1 

and s8ORF2 respectively, display type I IFN antagonist properties 182–184. Cytoplasmic s7ORF1 was 

reported to inhibit induction of both IFN and mx transcription following poly(I:C) stimulation 182,184. 

Similarly, nucleus-located s8ORF2 was shown to inhibit poly(I:C)-mediated type I IFN promoter 

activity 182. Mechanistically, it was later demonstrated that s7ORF1 and s8ORF2 could bind IRF1, 

IRF3, IRF7A and IRF7B from Atlantic salmon and inhibit IFNa1 promoter activity 183. Recent 

evidence also suggests that s8ORF2 may act as an RNA silencing suppressor 185. 

6. Alternative antiviral system: RNA interference 

While the type I IFN system is the first line of defense against viruses in vertebrates, the RNA 

interference (RNAi) system is an effective antiviral mechanism in plants, fungi and invertebrates 186. 

Broadly speaking, RNAi refers to gene silencing at the mRNA level through small complementary 
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non-coding RNA species 187. There are different types of small RNAs, each one of them having 

distinct functions in gene expression, epigenetic modifications and host-pathogen interactions 187. 

Among them, short interfering (si)RNAs are involved in antiviral immunity. Schematically, in the 

antiviral RNAi pathway, virus-derived long dsRNAs are cleaved by the host ribonuclease Dicer into 

20-24 bp-long siRNAs, which are incorporated into an RNA-induced silencing complex (RISC). In 

this complex, the double-stranded siRNA unwinds, the passenger sense strand is cleaved by an 

Argonaute protein and the antisense strand remains associated with RISC. This complex ultimately 

targets complementary viral RNAs resulting in their degradation by endonucleolytic cleavage 188. 

Like most eukaryotic cells, mammalian cells still possess the cellular machinery needed for RNAi, 

which is thought to be primarily involved in host gene expression regulation 186. However, whether 

RNAi plays an active role in antiviral defenses in mammals remains a matter of debate 188. In 

particular, some evidence point towards a physiologically relevant role when dsRNA concentrations 

are below the threshold of IFN induction 189. It is still unclear whether similar mechanisms exist in 

fish. 

7. Conclusion 

Like most vertebrates, fish and mammals share most of the key antiviral pathways. However, due to 

their complex genome evolution and diversity of habitats, fish exhibit a much more diverse type I 

IFN and ISG repertoire than mammals. In particular, the functional role of each IFN gene in terms of 

spatio-temporal expression patterns, antiviral properties and downstream induced ISGs remains to be 

explored in detail. Similarly, the antiviral functions and molecular mechanisms of fish ISGs have not 

been fully elucidated yet. The following chapters aim to provide a detailed analysis of the antiviral 

role of PKR and Viperin in fish and mammals. 
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CHAPTER 2 

The role of PKR in antiviral defenses in fish and mammals 

1. Introduction 

The following chapter focuses on dsRNA-dependent protein kinase (PKR), which is undoubtedly one 

of the most extensively studied antiviral proteins. PKR is recognized as a multifunctional key factor 

of innate immunity, as it acts both as a sensor and an effector in response to viral infections. 

This introduction chapter aims to provide an analysis of the current knowledge on the implication of 

fish PKR and fish-specific paralog Z-DNA-dependent protein kinase (PKZ) in antiviral defenses. A 

systematic comparison of mammalian and fish PKR/PKZ has been made for each antiviral function. 

In this regard, it is divided as follows: (1) overview of the historical discovery of PKR and PKZ; (2) 

structure and evolution of PKR/PKZ and related eIF2α kinases; (3) induction and antiviral activity of 

PKR/PKZ, (4) underlying molecular mechanisms, including (4a) PKR-mediated phosphorylation of 

eIF2α, (4b) activation of apoptosis and (4c) its role of PKR in transduction of inflammatory and IFN 

responses of PKR and (5) its modulation during viral infections. 

It should also be noted that, while the focus here is on the role of PKR in the antiviral response, this 

protein is also involved in other cellular pathways, including the regulation of cell growth, 

proliferation and differentiation 75. These alternative roles will not be further discussed in this chapter 

but further information on this topic is available elsewhere 75. 

Importantly, this chapter is based on a literature review article entitled “Double-stranded RNA-

dependent protein kinase (PKR) in antiviral defence in fish and mammals” and published in August 

2023 in a special issue dedicated to the career of Professor Mike Belosevic in the Journal 

Developmental & Comparative Immunology 190; the review paper is available as an appendix to this 

manuscript (Appendix 4). 

2. Brief overview of the historical discovery of PKR 

In 1976, the research group of Ian M. Kerr at the National Institute for Medical Research, London, 

UK, discovered that lysates from IFN-treated human and mouse cells displayed an enhanced protein 

kinase activity upon exposure to dsRNA 191. This activity was attributed to a 68-kDa protein in human 

cells and a 67-kDa protein in rabbit/mouse cells, which were all shown to phosphorylate the α-subunit 

of the eukaryotic initiation factor 2 (eIF2), leading to the inhibition of protein synthesis 192–195. Cloned 
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in 1990 from human Daudi cells treated with IFN-α 196, this protein, initially called p68 (human) and 

p67 (mouse and rabbit), was later named dsRNA-dependent protein kinase (PKR) 197. In fish, the fish 

-specific paralog pkz was cloned from a Crucian carp cell line in 2004 198, before the pkr gene was 

identified in fish models. At that time, the authors suggested it was possibly the fish homolog of 

mammalian PKR 198. However, in 2008, true orthologs of PKR were cloned in Japanese flounder 199, 

in zebrafish and Green-spotted pufferfish 200. PKR is now also referred to as the eukaryotic translation 

initiation factor 2α (eIF2α) kinase 2 (EIF2AK2), according to the Human genome organization 

(HUGO) gene nomenclature committee (HGNC)-approved nomenclature. 

3. Structure and evolution of PKR and PKZ 

3. 1. eIF2α kinase family 

Both PKR and fish PKZ belong to the small family of eIF2α kinases, which can phosphorylate eIF2α 

at the same site (Ser51 in humans) in response to distinct intrinsic and extrinsic stress stimuli. 

Phosphorylation of eIF2α on serine 51 results in the shutdown of the cell translation machinery, which 

protects the cells in two ways: it reduces the general rate of protein synthesis and it triggers the 

translation of specific stress-induced gene sets, which can promote two opposite cell fates, 

survival/recovery or apoptosis 201. eIF2α phosphorylation is part of a signaling pathway termed 

“integrated stress response” (ISR), which allows the cell to restore its homeostasis 201,202. 

eIF2α can be phosphorylated by a family of five kinases, including: (1) PERK (PKR-like ER kinase; 

EIF2AK3); (2) GCN2 (general control non-derepressible 2; EIF2AK4), (3) HRI (heme-regulated 

inhibitor; EIF2AK1), (4) PKR (dsRNA-dependent protein kinase, EIF2AK2), (5) fish specific PKZ 

(Z-DNA-dependent protein kinase) 198,202,203. eIF2α kinases possess distinct regulatory domains 

allowing them to respond to specific types of stress stimuli 202: PERK senses misfolded proteins in 

the ER and transduces this signal to attenuate protein synthesis; GCN2 is activated under amino acid 

starvation conditions through binding to uncharged tRNAs; HRI is activated under conditions of heme 

deprivation and regulates globin chain synthesis based on the amount of heme available for 

hemoglobin production in erythroid cells; PKR and fish PKZ are the main members of the family that 

are activated during viral infections upon detection of viral nucleic acids. Interestingly, although 

eIF2α kinases primarily respond to specific stresses, a few studies suggest that they may have 

cooperative functions (reviewed by Pakos-Zebrucka et al. (2016) 201). For instance, eIF2α 

phosphorylation can be mediated by PKR but also PERK and GCN2 during viral infections 204,205. 

Conversely, PKR was shown to play a significant role in the ER-stress signaling pathway along with 

PERK 206. This cooperative phenomenon has also been reported with fish viruses such as VHSV 172. 
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3. 2. Structure of PKR and PKZ 

The mammalian PKR protein has a bipartite structure: it contains an N-terminal regulatory region 

comprising two dsRNA binding motifs (dsRBMs) and a C-terminal kinase domain (KD) 207. This 

bipartite structure is well conserved in the PKR of other vertebrates, including birds, amphibians and 

fish (Figure 9A). However, while mammalian PKR consists of two (or more) dsRBMs, this number 

varies from one to three in fish PKR 200. Fish PKZ has a similar structure, although its N-terminal 

regulatory region contains two Zα motifs instead of dsRBMs 200,203. Structural and biochemical 

studies have helped identify the important features of these proteins, in mammals and, to a lesser 

extent, in fish. 

 

Figure 9: Overall structure of mammalian and fish PKR and fish PKZ proteins 

(A) Schematic representation of domain organisation of PKR and PKZ proteins from Homo sapiens (Hs) 

(NP_001129123.1/5610), Gallus gallus (Gg) (NP_989818.3/395147), Xenopus laevis (Xl) 

(NP_001091256.1/100037060), Danio rerio (Dr) (DrPKR: NP_001107942.1/100001092; DrPKZ: 

551 aaHsPKR

10 76 101 166 267 537

550 aaGgPKR

5 71 100 166 279 536

578 aaXlPkr

6 72 119 184 301 567

682 aaDrPkr

8 74 100 169 213 279 395 666

511 aaDrPkz

6 71 170 263 293 494

758 aaOmPkr

6 74 152 217 277 343 462 738

668 aaOmPkz

18 87 150 219 235 303 335 652

667 aaTnPkr1

4 70 122 187 228 294 392 656

424 aaTnPkr2

4 70 140 412

432 aaTnPkr3

137 414

100 aa

dsRNA-binding motif

Kinase domain

Z-DNA binding motif

A

B
HsPKR-KD GgPKR-KD XlPkr-KD DrPkr-KD OmPkr-KD TnPkr1-KD TnPkr2-KD TnPkr3-KD DrPkz-KD OmPkz-KD

HsPKR 49.41 44.40 44.31 41.86 42.29 36.54 37.55 42.86 45.11 HsPKR-KD

GgPKR 38.34 46.48 45.06 44.66 41.43 39.92 41.50 41.57 46.27 GgPKR-KD

XlPkr 35.40 36.07 46.12 45.17 47.45 42.97 41.76 43.35 44.49 XlPkr-KD

DrPkr 36.87 34.43 36.01 62.08 50.19 46.04 44.81 47.19 48.48 DrPkr-KD

OmPkr 34.60 34.02 35.25 51.13 53.58 51.31 51.84 46.47 48.31 OmPkr-KD

TnPkr1 34.53 34.12 35.88 40.65 44.31 49.03 48.67 47.51 49.42 TnPkr1-KD

TnPkr2 34.49 35.48 36.68 41.50 43.48 49.26 88.64 42.91 44.36 TnPkr2-KD

TnPkr3 32.53 34.14 32.45 36.75 39.86 43.07 76.50 42.28 42.96 TnPkr3-KD

DrPkz 31.77 30.25 32.05 33.96 35.68 34.24 38.51 38.02 46.60 DrPkz-KD

OmPkz 32.91 29.72 29.84 32.59 34.02 33.64 35.98 33.33 38.90 OmPkz-KD
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NP_001035466.1/503703), Oncorhynchus mykiss (Om) (OmPKR: NP_001139363.1/100271898; OmPKZ: 

XP_036801832.1/110491201) and Tetraodon nigroviridis (Tn) (TnPKR1: CAM07147.1; TnPKR2: CAM07148.1; 

TnPKR3: CAM07149.1). The localization of predicted domains and motifs was obtained using SMART (Simple Modular 

Architecture Research Tool) 208,209 (B) Percent identity matrix of full length PKR and PKZ proteins (in grey) and their 

respective kinase domains (KD) (in orange). (C) Ribbon representation of dsRNA-binding motifs from human PKR; 

adapted from Nanduri et al. (1998) 210. (D) Ribbon representation of a back-to-back dimer of the C-terminal kinase domain 

from human PKR. The N- and C-lobes are represented in purple and green (left) and magenta and blue (right), the 

activation loop (A-seg) is colored in orange, dashed lines represent disordered regions (including acidic insert). Adapted 

from Dar et al. (2005) 211. 

3. 2. 1. Double-stranded RNA binding domain 

Mammalian PKR contains two 65-aa dsRBMs within its N-terminus. The two motifs are joined 

together by a flexible linker and adopt a dumbbell shaped structure 210 (Figure 9C). Each motif 

forming this dsRNA-binding domain shares similarities with a number of different RNA-binding 

proteins 212. In terms of secondary structure, they both show a canonical α-β-β-β-α fold in which the 

two α-helices are packed against a three-stranded anti-parallel β-sheet 210. Conserved residues and/or 

regions that have been identified as important for the fold of the domain and/or for dsRNA binding 

in the dsRBMs from other proteins are present in the amino acid sequence of mammalian PKR 213. 

Interestingly, most of these residues and regions are also found in fish PKR (Figure 10).  

 

Figure 10: Sequence alignment of PKR dsRNA-binding motifs from vertebrate species 

The sequences used were taken from protein sequences indicated in Figure 9. The sequence consensus identified in most 

dsRNA-binding motifs from other proteins and the corresponding residues conserved for the fold and/or dsRNA binding 

are taken from Masliah et al. (2013) 213 and drawn below the alignment. The canonical secondary structured elements are 

shown above the alignment 210,213. The triangles above the sequences show residues that have identified as important for 

dsRNA binding in human PKR 214,215. 

2ndary structures       α1             β1                 β2         β3          α2 

                   ▄▄▄▄▄▄▄▄▄▄▄      ▄▄▄▄▄▄▄▄          ▄▄▄▄▄▄▄▄▄▄    ▄▄▄▄  ▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄ 

Important residues          ▲                 ▲▲       ▲                  ▲▲  ▲   ▲   ▲ 

HsPKR-dsRBM1       FMEELNTYRQKQG--VVLKYQELPNSGPPHDR---RFTFQVIIDGREFPEGEGRSKKEAKNAAAKLAVEILN 67 

GgPKR-dsRBM1       CMGKINRYCQKNK--YKLDYVDVDMRGPSHDP---EFEVVVKINGVKYGTGVGKSKKEAKAAAAAKTWDMIE 67 

XlPKR-dsRBM1       VKGQLISFCTKNG--LSYQFKKVEATGPSHDP---RFTFQVFVNGEKLGEGQDKKKKGAECMAAKMALSTLK 67 

DrPKR-dsRBM1       YTSLLNEYQQKTQ--CTVEFEEGPTDGPSHNK---RFTMRAIVNGQKFPDGTGKTKKEAKQNAAKNALEGLK 67 

OtPKR-dsRBM1       YISILCEYAQRQRQISDIKFEEVGTEGPDHLK---TFTLRVVIKGHAYPNGVGKNKKEAKQNAAKHALAGMM 69 

OmPKR-dsRBM1       YISKLFEYAQRQRQISDIKFEEVGTVGPDHLK---TFTLRVVIKGHAYPNGVGKNKKEAKQNAAKHALAGMM 69 

TnPKR1-dsRBM1      YISLLNEQAQKEG--WSLRYEDVGCDGPDHFR---TFKIVTIINDRAFPEGVGKNKKDAKQKAAENAWTALM 67 

TnPKR2-dsRBM1      YISLLNEQAQKQG--WSLRYEDVGCDGPDHIK---RFRVRAIVNGRAFPEGAGKNKRDAKHKAAENAWTALM 67 

TrPKR1-dsRBM1      YVARLNEYAQESR--LSLQYQDVGCDGPDHLK---TFRVRAVIDDQAYPEGLGKNKKEAKKKAAENAWRALM 67 

TrPKR2-dsRBM1      YLIILNEHTQKMR--WKLQFEDVGCDGPDHNK---VFRVRAVIDDQAYPEGLGKNKKEAKKKAAEIAWRALM 67 

 

Important residues          ▲                          ▲                  ▲   ▲   ▲ 

HsPKR-dsRBM2       YIGLINRIAQKKR--LTVNYEQCA-SGVHGPE---GFHYKCKMGQKEYSIGTGSTKQEAKQLAAKLAYLQIL 66 

GgPKR-dsRBM2       YISLLNKYSQKTL--QLVDYNNINRTGDPHAP---MYSCSCVISGHVYGNGKGNSLAVAKQAAAKH------ 61 

XlPKR-dsRBM2       YVGILHELCQKHT--LIVTFLD-ERHGQPHIP---EFFCKAVIGKEEFPKAKGKNKKEAKRKAAHLALISLK 66 

DrPKR-dsRBM2       YTCWLNEHSQKSR--LMFKACESTKMDPGNLTRLCTYVCKYVCDDKEFPEGYGKNKKEAKEAAALRVYEELN 70 

OtPKR-dsRBM2       YVCWLNEHSQKNK--LSLKALEETRVGPNNTSQ----CCRYVVGEKEYPEGFGNTKKEAKEEAAMQVYLELC 66 

OmPKR-dsRBM2       YVCWLNEHSQKNK--LSLKALEETRVGPNNTSQ----CCRYVVGEKEYPEGFGNTKKEAKEEAAMQVYLELC 66 

TnPKR1-dsRBM2      FVCWLNEYGHKNW--VKVKPVESTRVSPQWTGP----CCRFVVGDKEYPEAVGKTKREAKEEAARLVYNEIC 66 

TrPKR1-dsRBM2      FVAWLNEYGQKNR--VSVKLVESTRPGLRGAEL----CCRFVVGDQEYPDAVGKTKREAKEEAARLVYNEIC 66 

TrPKR2-dsRBM2      YVAWLNEYGQKNR--VSVKLVESTRPGLRGAEL----CCRFVVGDQESPDAVGKTKREAKEEAARLVYNEIC 66 

 

DrPKR-dsRBM3       YIAYLNNYCQKKK--RVYDFKLVDRIGPPHNP---IFVYKVVMDGKEYPEAQGRNAKEAKQNAAQHAWSEIR 67 

OtPKR-dsRBM3       FIGILNHYCQKTK--RFPDFKLVEKSGPSHDP---QFVYKVLIDQREYPNGLGKTAKQAKQQAAQLAWSALQ 67 

OmPKR-dsRBM3       FIGILNHYCQKTK--RFPDFKLVEKSGPSHDP---QFVYKVLIDQREYPNGLGKTAKQAKQQAAQLAWSALQ 67 

TnPKR1-dsRBM3      YISLINEHCQKKG--FSHSFVMVDRQGPSHGP---QFYYQLSIDGHKYPVGEGKTAKEARQNAAQLAWPVLQ 67 

 

Consensus          P---L-EL---------P-Y------GP-H------F---V-V-G-----G-G-SKK-AK—-AAE-AL--L- 

 

Resid. for fold    P---L--L---------P-Y----------------F---V-V-G-----G-G-S---A---AA--AL—-L- 

Resid. RNA binding ------E------------Y------GP-H------F------------------KK--K—----------- 
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In mammals, several mutational studies have shown that both motifs are essential for PKR dsRNA 

binding ability and for an effective kinase function: deletion of either dsRBM1 or dsRBM2 or point 

mutation in one copy drastically reduced the dsRNA binding capacity of mutants and negatively 

affected their kinase activity 214–216. On the other hand, simply swapping their locations in the 

molecule did not result in a loss of dsRNA binding 215,217, indicating that the two copies are both 

required for dsRNA binding but that their relative positions are less important. Interestingly, most of 

the key residues identified in mammals are also present in fish (Figure 10). The importance of dsRNA 

binding in PKR antiviral activity will be discussed in Section 5. 1. 2. 

3. 2. 2. Z-DNA binding domain 

Instead of dsRBMs, PKZ proteins contain two Z-DNA binding motifs (Zα1 and Zα2) within their N-

termini. Zα-binding motifs are also found in human adenosine deaminase RNA-specific binding 

protein 1 (ADAR1, an RNA editing enzyme) 218 and in a number of viral proteins from dsDNA 

viruses, such as poxviruses 219. Zα motifs are known for binding dsDNA and dsRNA in the left-

handed Z conformation 220. In fish PKZ, each Zα motif contains 3 α-helices and 3 antiparallel β-

strands arranged in a canonical α-β-α-α-β-β fold. In addition, key residues required for Z-DNA 

recognition and binding described for ADAR1 Zα are also present the amino acid sequence of fish 

PKZ 221,222. In a similar fashion to what has been described for PKR, both motifs have non-redundant 

functions; for instance, Zα1 is was reported to bind more strongly to Z-DNA than Zα2 223. 

3. 2. 3. Kinase domain 

The C-terminal kinase domain of PKR is the most conserved region of the protein when comparing 

different vertebrate PKRs (Figure 9B). In particular, the primary structures of the different kinase 

domains of both mammalian and fish PKR share extensive homology with other protein kinases, as 

they contain the 11 conserved kinase subdomains described by Hanks et al. (1988) 224 (Figure 11). 

Subdomain I contains an ATP-binding region with the canonical Gly-X-Gly-X-X-Gly motif and 

subdomain II comprises the invariant lysine residue (at position 296 in human PKR) that was reported 

to be directly involved in the transfer of the phosphate from ATP to its substrate 196. Of note, mutation 

of this lysine to arginine or proline results in a catalytically inactive protein 214,225. Subdomains VI 

and VII also contain putative ATP binding sites (Asp-Leu-Lys-Pro-Ser-Asn and Asp-Phe-Gln, 

respectively) 196. Furthermore, an Ala/Ser-Pro-Glu sequence can be found in subdomain VIII and 

autophosphorylation sites are present within the 20 residues upstream of this consensus sequence 

called the activation loop. Indeed, these autophosphorylation sites (Thr451 and Thr446 in human 

PKR) were found to be essential for PKR activation, although only Thr446 was reported to be 

phosphorylated in vivo 225. 
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Figure 11: Sequence alignment of PKR kinase domain from vertebrate species 

The sequences used were taken from protein sequences indicated in Figure 9. The different subdomains (I-XI) conserved 

in kinase proteins were taken from Hanks et al. (1988) 224 and Meurs et al. (1990) 196. The red triangles show the residues 

conserved for in more than 63 protein kinases Hanks et al. (1988) 224. Residues involved in ATP binding are highlighted 

in green, the invariant lysine residue involved in the phosphoryl transfer reaction is highlighted red, autophosphorylation 

sites described for PKR 225 are highlighted in pink and are located in the activation loop in orange. The residues highlighted 

in yellow correspond to the acidic kinase insert and the residues in blue form the eIF2α kinase motif, which are features 

found in eIF2α 200,226. The locations from the N-lobe and the N-lobe were taken from Dar et al. (2005) 211.  

                 ══════════════════════ N-Lobe ═════════════════════════ 
                               Subdomain I             II          III 
                               ▄▄▄▄▄▄▄▄▄▄▄           ▄▄▄▄▄▄       ▄▄▄▄▄▄ 
                               ▲ ▲ ▲  ▲ ▲            ▲ ▲ ▲         ▲ 

HsPKR       KETKYTVDKRFGMDFKEIELIGSGGFGQVFKAKHRIDGKTYVIKRVKYNN-EKAEREVKA 311 

GgPKR       ANDEYTVDERFRQQYKNIEPIGKGGFGNVFKATSRTDERTYAIKRVELIN-RNVKREVKE 323 

XlPKR       KGVLCTLNEAFRQNFTEISRLGSGGFGTVFKAKSKLANKYYAIKRVKLHS-NKCIKEVEA 345 

DrPKR       QTPNSATKSRFLEDFDSINPIGKGGFGRVFKARRKLEDKYYAVKIVKST--EKARREVGA 438 

OtPKR       RTSNQPIKSRFLSEFDSIEKIGKGGFGNVYKARRELEQKYFAVKIVLSK--GKAKREVGA 476 

OmPKR       RTSNQPVKSRFLSEFDSIEKIGKGGFGNVYKARRELEQKYFAVKIVLSK--GKAKREVGA 505 

TnPKR1      ISASEKTTSRFTSEFDSISRLGSGGFGHVFKARNKLLGSEMAVKIVPCDE--KALREAQA 435 

TnPKR2      PPRNHQTSSRFRQAFEVMDCLGSGAFGDVFRVKDKVMQKFYAVKIVQSR--RNALREVVV 183 

TnPKR3      PPRKS---LSFTKTFEVMGLLGKGGFGAVYKVKDNALEKFFAIKIVRSR--RNALREVVV 180 

TrPKR1      MTVNEETPSRFTSEFNSIDLLAQGSFGYVYKARSKLLGKEMAVKIVNCDDFRKALREVQA 292 

TrPKR2      DRDTGTRYSRFTEEFEDMGFLGRGGFGKVVKARDKVLQKVYAVKIVQRR--RKCLREVEV 251 

                      *   :  :  :. *.** * :.  .      .:* *      :  :*.   
            ══════════════════════════ N-Lobe ══════════════════════════ 
                   IV                V                  eIF2α conserved motif 
                 ▄▄▄▄▄▄        ▄▄▄▄▄▄▄▄▄▄▄▄▄                  ▄▄▄▄▄▄▄▄▄ 
                    ▲                 Kinase insert 

HsPKR       LAKLDHVNIVHYNGCWDGFDYDPETSDDSLESSDYDPENSKNSSRSKTKCLFIQMEFCDK 371 

GgPKR       LANLEHENIVRYYCSWEGTDHMIY------------PDS-SKNSIVAVSCLFIQMELCEQ 370 

XlPKR       LAHLDHPNIVRYHHSWTGEDGCSDS---SYSSRD-----YSSPAGLKEEYLFIGMEWCEK 397 

DrPKR       LADFNNPNIVRYFSSWEEDTAYKHESSES---------FSDSGSGPGTKFLYIQMEFCEG 489 

OtPKR       LADLQHPNIVRYYTAWLEDTAYRCDTNSE--S---DT-TSDSGSSSSSEFLYIQMELCDK 530 

OmPKR       LADLQHPNIVRYYTAWLEDTAYRCDTTSE--S---DT-TSDSGSSSSSEFLYIQMELCDK 559 

TnPKR1      LSDLDHCNIIRYYTCWLEDSGYDRRSPP--------------YQDSSLKYLYIQMELCST 481 

TnPKR2      LSDLSHINIIRYYSFWEEETRYQDNSSTD--GSDSSS-GTSTGSSESDCFLYIQMELCAN 240 

TnPKR3      LSDLLHINIIRYYSFWEEETRYQDNSSTD--GSDSFS-GTSTGSSESDCFLYIQMELCAN 237 

TrPKR1      LSELNHPNIVRYYTCWLEDAGYEGRLRS--------------AQDSTLKYLYIQMELCST 338 

TrPKR2      LAELLHPNIIRYYSCWEEETGFENSSTGS--S---LS-SSLSAESSASCYLYIQMELCAN 305 

            *:.: : **::*   *                                  *:* ** *   
                                                       VI 
                                             ▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄ 
                                             ▲  ▲▲      ▲ ▲▲   ▲▲ 

HsPKR       GTLEQWIEKRRGEK----LDKVLALELFEQITKGVDYIHSKKLIHRDLKPSNIFLVDT-- 425 

GgPKR       GPLEKWIENNGGNP----NYHMMAQDKFLQILKGVEYIHSKDLIHRDLKPQNIFLSYE-- 424 

XlPKR       GTLESWIARMN--K----VEKFKSLVIFRQVIEGVVYIHSKGLIHRDLKPANIFFAED-- 449 

DrPKR       NTLRVWIKERNSSNKQSPERRTEAAQIYRQVLKAVEYIHSKLLIHRDLKPPNIMFSSE-- 547 

OtPKR       RTLKVWIDERNAHR--KPKRREESLHITQQIVNGVEYIHSKKLLHRDLKPANIMFGMSDG 588 

OmPKR       RTLKVWIDERNAHR--KPKRREESLHITQQIVNGVEYIHSKKLLHRDLKPANIMFGMSDG 617 

TnPKR1      ENLKLWIEKMNHNQ--NQERKKKSLSIFRQIVSGVEYIHSRNLIHRDLKPENIMFSKKE- 538 

TnPKR2      KTLTRWIHDKNSESSEDSKRSQESLRLAQQIASGVKYIHSKGFIHRDLKPDNILFGLKD- 299 

TnPKR3      KTLTRWIHDKNSEFSEDSKRSQESLRLAQQIASGVEYIHSKGFIHRDLKPDNILFGLKD- 296 

TrPKR1      ETLRKWINKKNRNQ--NQWRKEESLSVFTQIVSGVEYVHSRKFIHRDLKPENIMFSSN-- 394 

TrPKR2      KTLTKWICDKNSKSPKSSTRRQESAEIALQITRGLVYIHSMGFIHRDLKPDNILFGLD-- 363 

              *  **                :     *:  .: *:**  ::****** **::      
                      ══════════════════ C-lobe ════════════════════════ 
                     VII     Activation loop  VIII 
                        ▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄                IX 
                 ▄▄▄▄▄▄▄▄▄▄                ▄▄▄▄▄▄▄▄▄▄         ▄▄▄▄▄▄▄▄▄▄ 
                 ▲   ▲▲▲                     ▲  ▲ ▲ ▲           ▲ ▲▲ ▲▲ 

HsPKR       ---KQVKIGDFGLVTSLKNDG-----KRTRSKGTLRYMSPEQISSQDYGKEVDLYALGLI 477 

GgPKR       ---GKIKIGDFGLVTSVTYN------PLTKNRGTQSYMAPEQFG-DRYGKEVDIYALGLI 474 

XlPKR       ---LKIKIGDFGLVTQMTGEADRQALQRTKGRGTRSYMAPEQHE-ETYESEVDIFPLGLI 505 

DrPKR       ---GRVKVGDFGLVTAAENENEEQLLERTKRTGTRTYMSPEQMNQTTYDRKVDIYALGLI 604 

OtPKR       EGKGEVKIGDFGLVTAEDNDNDENLLERTKKTGTKSYMAPEQRNQTSYDRKVDIFALGLI 648 

OmPKR       EGKGEVKIGDFGLVTAEDNDNDENLLERTKKTGTKSYMAPEQRNQTSYDRKVDIFALGLI 677 

TnPKR1      --KEKVKIGDFGLVTVGAFEA-KNLEERTVYKGTPWYMPPEQKDKKTYDRKVDIFPLGLI 595 

TnPKR2      ---EVVKIGDFGLVTIDEIQ-----AERTKDVGTPSYMAPEQDG-QNYDRKVDIFSMGLI 350 

TnPKR3      ---EVVKIGDFGLVTKDNIDTIDGVEKRTKGVGTPSYMAPEQDG-QNYDRKVDIFSMGLI 352 

TrPKR1      ---KEVKIGDFGLVTAEADDA-ADLVKRTVYKGTPRYMAPEQKEKETYDRKVDIFALGLI 450 

TrPKR2      ---GQVKIGDFGLVTTENAD-----DNRTVDVGTRSYMAPEQKM-DDYDRKVDIFSLGLI 414 

                 :*:*******    :        *   **  ** ***     *  :**:: :*** 
            ═══════════════════════════ C-lobe ═════════════════════════ 
                                    X                     XI 
            ▄▄▄                ▄▄▄▄▄▄▄▄▄▄         ▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄▄ 
                                                        ▲      ▲  

HsPKR       LAELLHVCDTAFETSKFFTDLRDGIISDIFDKKEK---TLLQKLLSKKPEDRPNTSEILR 534 

GgPKR       WFEILSALVSHHEKNKVWQDVRGGDLPLNFTKRFKIQVPIIKKMLSEDPSKRCSASQIID 534 

XlPKR       LVELFYIFKDVNAKKEEWGKLRNGELPPGFVKQYHIEEAIIKKMLSREPKRRPKATYLKK 565 

DrPKR       YFELVWNLGTMHEKEKIWDKLRVRVFPVQFTKMFIFEHKLMERMLSPRPEDRPDATDLIL 664 

OtPKR       YFELLWNLS-GMEKAEVWNDVRSQSFPPQFNTQFNLENKVIESMLCANPEDRPDARQLKI 707 

OmPKR       YFELLWNLS-GMEKAEVWNDVRSQTFPQQFNTQFNLENKVIESMLCANPEDRPDARQLKI 736 

TnPKR1      YFELLWKLS-SIERKKVWNGIRNQETPAEFSQNYPFEDLMIKKMLSVNPEDRPEAKAVQR 654 

TnPKR2      FLELWWKVSSGHEKANVLRHARRQEFPQGFQNAFFDEFQIIRPMLCSSPERRPEASEVKK 410 

TnPKR3      FLELWWKVSSGHEKANVLLHARRQEFPQGFQNAFFDEYEIIRPMLRTSPEDRPEASKVKK 412 

TrPKR1      YFELLWNFP-HEERREVWKNIKTQKTPAAFSGSYPFEDQLIKRMLSMKPEDRPEAEAVKR 509 

TrPKR2      FLELWWRVSTGIERAKLFEEAKSQRFPKEFQQRFFEEMRLIRIMLCKTPALRPEAAQVKD 474 

              *:           :     :       *         ::. :*   *  * .:  :   
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PKR also has an acidic kinase insert known to be critical for PKR kinase activity that spans 

subdomain V and continues in the inter-region between subdomains V and VI 227. Notably this insert 

can greatly vary in size among vertebrates and from one fish species to another 200 (Figure 11). A 

few amino acids away from this kinase insert is located a conserved eIF2α kinase motif 

LFIQMEFCD, that is required for autophosphorylation, phosphorylation of eIF2α and contribute to 

its interaction with eIF2α 226. Of note, most of these features are also conserved in fish PKZs, although 

they exhibit a much longer kinase insert compared to fish PKR 200,222. 

The three-dimensional arrangement of PKR in space was revealed by crystallographic studies. In a 

similar fashion to other eukaryotic protein kinases, the catalytic kinase domain of PKR has a typical 

bilobal structure, consisting in a smaller N-terminal lobe and a larger C-terminal lobe (Figure 9D), 

with ATP binding sites and the activation loop being in the catalytic cleft between the two lobes 211. 

3. 3. Evolution of fish PKR and PKZ 

pkr genes are present across jawed vertebrates from cartilaginous fish (e.g. in the great white shark, 

Carcharodon carcharias, LOC121278105), to bony fish and tetrapods. Only one copy is present in 

zebrafish and salmonids, but two or more paralogs are often present next to each other in a head-to-

tail orientation in percomorph species (e.g., tongue sole (Cynoglossus semilaevis), Japanese medaka, 

and Green spotted pufferfish). A detailed phylogenetic analysis revealed an accelerated evolution of 

the kinase domain of PKR, compared to other related kinases 200,228. This domain showed a robust 

signature of diversifying positive selection, with variations at positively selected sites altering the 

sensitivity to viral inhibitors involved in immune evasion, highlighting the importance of PKR in 

antiviral immunity. 

pkz genes were initially identified in Crucian carp 198, zebrafish, Green spotted puffer fish, Fugu, 

Medaka 203 and Atlantic salmon 229. Although it seems to be absent from many fish groups, it is not 

restricted to cyprinids, salmonids and percomorphs. It also found in clupeids (herrings) as well as in 

some osteoglossomorphs (e.g. Paramorpyrops kingsleyae and Scleropages formosus). pkz genes, in 

species in which they are present, are located next to pkr in a head-to-tail orientation 222. 

Phylogenetic analyses showed that fish pkr genes are more closely related to fish pkz than to their 

mammalian counterparts 200. This suggests that pkr and pkz are paralogous genes that derive from an 

ancestral kinase gene, which was duplicated after the divergence from the tetrapod lineage 200. The 

same authors further proposed that the dsRBMs of one duplicated copy were replaced by Zα domains. 

Because both Zα domains in PKZ are encoded by a single exon, it was speculated that they have been 

acquired from another cellular Z-DNA-binding protein 200. Function-wise, it was suggested that the 

existence of PKZ in certain fish species reflects an adaptation to specific fish viruses.  
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4. Induction of PKR/PKZ and their antiviral activity 

4. 1. Subcellular localization of PKR and PKZ 

Within the cell, mammalian PKR mainly localizes in the cytoplasm but it has also been detected in 

the nucleus 230. Similarly, cytoplasmic localization of PKR but also PKZ has been described in 

fish 231,232. 

4. 2. Transcriptional regulation of PKR and PKZ 

4. 2. 1. Induction pathways of PKR/PKZ 

The PKR gene is constitutively expressed at low levels in mammalian cells and is then further induced 

by a variety of stress associated responses, including type I IFNs, viral infections and TNF-α 196,233,234. 

Of note, PKR expression was also reported to be induced in response to lipopolysaccharide (LPS) as 

well as both Gram-positive and Gram-negative bacterial infections 234,235. This distinctive feature was 

also found in fish PKR and PKZ in vivo as well as in vitro in fish cell lines (Table I). 

In both mammals and fish, there is evidence that PKR can be induced through both IFN-dependent 

and IFN-independent pathways. For instance, it was reported that dsRNA treatment could induce the 

expression of PKR in mouse embryonic stem cells, which are unable to express type I IFNs in 

response to viral infections and poly(I:C) exposure 236. In fish, expression kinetics studies using 

cycloheximide as a translation inhibitor, provide evidence that Grass carp CiPKR can be induced 

early (ie. 6h post-treatment) in a IFN-independent manner and later (starting from 24h) in a IFN-

dependent manner in response to poly(I:C) and viral infections 237,238. In contrast, Liu et al. (2011) 

reported that IFN synthesis was required for transcriptional induction of Crucian carp CaPkr and 

CaPkz upon a 24h treatment with poly(I:C) 239. However, no early time point was examined in this 

study, which leaves open the possibility of an initial IFN-independent induction. 

4. 2. 2. Molecular basis of PKR transcription 

In mammals. PKR is regulated in a coordinated fashion by its transcription factor binding sites in the 

promoter region of the PKR gene, which include an ISRE, a kinase-conserved sequence (KCS) 

response element, as well as a p53 response element 240 (Figure 12). KCS and p53 response elements 

were shown to play a critical role in IFN-independent transcription of mammalian PKR. The KCS 

response element from PKR promoter possesses binding sites for the transcription factors Sp1 and 

Sp3, which cooperatively activate basal PKR expression in the absence of IFN stimulation 241. In 

addition, Yoon et al. (2009) confirmed with p53-/- cell lines that p53 induces the expression of PKR 

under genotoxic stress, regardless of viral infection or IFN treatment. In the same study, luciferase 

reporter assay showed that p53 activates the PKR promoter independently from ISRE 242. Early work 
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also provides evidence that IRF1 could induce the expression of PKR in a IFN-independent manner 

243,244, but molecular binding of IRF1 to PKR promoter was not demonstrated. 

 

Figure 12: Promoter region and transcriptional regulation of the human pkr gene 

Promoter region of the human pkr gene include a KCS response element (orange box), an ISRE response element (green 

box), and a p53 (striped boxes) response element. The arrow indicates the transcription start. Figure modified from Pindel 

& Sadler (2011) 240. 

In fish. The promoters of fish pkr and pkz contain ISRE elements, which can be activated by poly(I:C) 

and type I IFN treatment 239,245, thereby highlighting the relevance of both PKR and PKZ during IFN-

mediated antiviral response. It was also found that Grass carp p53 could bind to pkr promoter with 

high affinity. In addition, when p53 was knocked-down in CIK cells, the mRNA levels of pkr were 

decreased, confirming an effect on pkr transcription 246. 

4. 3. Antiviral activity 

4. 3. 1. Antiviral activity of mammalian PKR 

In mammals, knockdown/knockout in vitro and in vivo studies have shown that PKR constitutes an 

efficient defense mechanism against a wide array of RNA viruses as well as a few dsDNA viruses. 

These PKR-sensitive viruses include: positive-sense ssRNA viruses, such as Picornaviruses (e.g. 

Encephalomyocarditis (ECMV), Coxsackievirus) 247,248, Alphaviruses (e.g. Sindbis virus) 249, 

Flaviviruses (e.g. WNV) 250; negative-sense ssRNA viruses, such as Paramyxoviruses (e.g. Sendai 

virus) 249 and Rhabdoviruses (e.g. vesicular stomatitis virus (VSV)) 251; dsRNA viruses (e.g. 

reoviruses) 252 and dsDNA viruses (e.g. Vaccinia virus) 253. Nonetheless, this phenomenon appears to 

be virus-dependent and PKR deficiency does not always translate into higher viral replication or 

higher viral loads, likely due to viral subversion strategies: for instance, PKR-deficient cells infected 

with flavivirus DENV 254 or paramyxovirus measles virus 255 showed no detectable increase in virus 

yield and PKR-deficient mouse embryonic fibroblasts (MEFs) infected with flavivirus HCV even 

displayed reduced titers 256. 

ISGF3

p53

Sp1/3

-81 -77 -67 -62 -50 -38
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Table I: Functions of PKR and PKZ described in fish 

Species Order Gene 
Cloned? Expression Antiviral 

activity 
Mechanisms described 

Refe-

rences Constitutive Induced 

PKR 

Japanese flounder 

(Paralichthys 

olivaceus) 

Pleuronectiformes PoPKR 

 

Yes All tissues 

FEC cell line 

Induction upon SMRV infection in 

vivo and in vitro (FEC) 

Scophthalmus 

maximus 

rhabdovirus 

(SMRV) 

- Binding to poly(I:C) via dRBMs 

- Interaction between eIF2α and 

PKR 

- eIF2α phosphorylation dependent 

on kinase activity 

- Inhibition of protein synthesis 

199 

Crucian carp 

(Carassius auratus) 

Cypriniformes CaPKR Yes CAB cell line Induction upon poly(I:C) 

transfection and rIFN treatment in 

vitro (CAB) 

Induction upon rIFN treatment in 

vitro (CAB) 

Grass Carp 

Reovirus 

(GCRV) 

- Homodimer formation 

- eIF2α phosphorylation by both 

PKR and PKZ 

- Inhibition of protein synthesis 

- Apoptosis 

239,257 

 

Grass carp 

(Ctenopharyngodon 

idellus) 

Cypriniformes CiPKR Yes All tissues 

CIK cell line 

Induction upon injection with UV-

inactivated GCHV (Grass carp 

hemorrhagic virus) in vivo 

Induction upon GCHV infection and 

poly(I:C) stimulation in vitro (CIK) 

 - Binding to poly(I:C) via dRBMs 

- eIF2α phosphorylation 

- Inhibition of translation 

- Reduced cell viability upon 

transfection 

- Modulation of apoptosis-related 

genes (bax, bcl-2) 

- Interaction with p53 

- Interaction with IKKB 

238,246,258–

262 

 

Zebrafish (Danio 

rerio) 

Cypriniformes DrPKR Yes All tissues Induction upon poly(I:C) 

stimulation in vivo 

Induction upon cyprinid herpesvirus 

3 infection in vivo 

 - Binding to poly(I:C) via dRBMs 

- eIF2α phosphorylation 

200,239,263 

Rock bream 

(Oplegnathus 

fasciatus) 

Perciformes OfPKR Yes All tissues, 

highest 

expression in 

spleen 

Induction upon poly(I:C) injection 

in vivo 

  264 

Nile Tilapia 

(Oreochromis 

niloticus) 

Perciformes OnPKR Yes All tissues, but 

highest 

expression in HK 

and liver 

Induction upon poly(I:C) and group 

I and group II IFN stimulation in 

vivo 

Grass Carp 

Reovirus 

(GCRV) 

- Inhibition of protein synthesis 265 

Orange-spotted 

grouper 

(Epinephelus 

coioides) 

Perciformes EcPKR Yes All tissues 

GS cell line 

Induction upon poly(I:C) in vivo in 

spleen and in vitro (GS cell line) 

Red-spotted 

grouper nervous 

necrosis virus 

(RGNNV)  

 231 

Fugu (Takifugu 

rubripes) 

Tetraodontiformes TrPKR1 

TrPKR2 

Yes All tissues, but 

highest 

expression in skin 

fPKR1: No induction upon poly(I:C) 

in vivo 

fPKR2: Induction upon poly(I:C) in 

vivo 

 - Inhibition of protein synthesis 

- Activation of NF-κB luciferase 

reporter 

266 
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Chinook salmon 

(Oncorhynchus 

tshawytscha) 

Salmoniformes OtPKR No CHSE214 Induction upon IFNα stimulation in 

vitro (CHSE214) 

Proviral activity 

for IPNV 

 267 

PKZ 

Crucian carp 

(Carassius auratus) 

Cypriniformes CaPKZ Yes CAB Induction upon GCHV infection, 

UV-inactivated GCHV and rIFN 

treatment in vitro (CAB) 

Induction upon transfection with 

poly(dA:dT), poly(dG:dC) and calf 

genomic DNA 

Grass Carp 

Reovirus 

(GCRV) 

- Binding to Z-DNA 

- Homodimer formation 

- eIF2α phosphorylation by both 

PKR and PKZ 

- Inhibition of protein synthesis 

 

198,239 

 

Grass carp 

(Ctenopharyngodon 

idellus) 

Cypriniformes CiPKZ Yes All tissues 

CIK 

CO 

Induction upon stimulation with 

poly(dA:dT) and poly(dG:dC ), 

poly(I:C) in vivo and in vitro (CIK) 

 - Binding to Z-DNA via dRBMs 

- eIF2α phosphorylation 

- Inhibition of translation 

- Apoptosis 

- Modulation of the activity of IFN 

promoter in CIK and CO cells 

- Interaction with IRF3, STING, 

ZDHHC1, IRF9, STAT2 

232,262,268 

 

Zebrafish (Danio 

rerio) 

Cypriniformes DrPKZ  All tissues Induction upon poly(I:C) 

stimulation in vivo 

Induction upon cyprinid herpesvirus 

3 infection in vivo 

 - Binding to Z-DNA 

- Interaction between eIF2α and 

PKZ 

- eIF2α phosphorylation 

- Inhibition of translation 

200,203,263,269 

Rare minnow 

(Gobiocypris rarus) 

Cypriniformes GrPKZ  All tissues Induction upon infection with 

GCRV and Aeromonas hydrophila 

  270 

Atlantic salmon 

(Salmo salar) 

Salmoniformes SsPKZ  At least in head 

kidney 

TO 

Induction upon stimulation with 

poly(I:C) in vivo (head kidney) 

Induction upon stimulation with IFN 

in TO cells 

 - eIF2α phosphorylation 

- Inhibition of translation 

229 
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4. 3. 2. Antiviral activity of fish PKR and PKZ 

In fish, studies focusing on the antiviral activity of PKR and PKZ are scarce (Table II): Liu et al. 

(2011) showed that overexpression of either Grass carp CiPKR or CiPKZ lead to inhibition of GCRV; 

this antiviral activity was enhanced when both kinases were overexpressed 239. Conversely, 

knockdown assays of either or both kinases made fish cells more permissive to virus infection, 

although the antiviral ability of CiPKZ seemed weaker than CiPKR, which correlated with its lower 

ability to phosphorylate eIF2α 239. Recent overexpression studies showed that overexpressed Nile 

tilapia OnPKR leads to reduced GCRV in FHM cells 265. Similar results were obtained with Orange 

spotted grouper EcPKR in GS cells infected with RGNNV 231. Interestingly, although chemical 

inhibition of rainbow trout OmPKR in RTG-2 and RTGill resulted in increased VHSV N mRNA 

levels, it did not have any impact on viral titers in comparison to untreated cells 271. An in vivo study 

in zebrafish larvae infected with Cyprinid herpes virus 3 (CyHV-3) also showed that pkr KO, pkz KO 

or pkr/pkz double KOs had no drastic effect on viral levels 263. 

Curiously, treatment with pharmaceutical inhibitors of PKR resulted in reduced IPNV titers in 

CHSE214 267. Although IPNV infection in CHSE214 induces phosphorylation of eIF2α and protein 

synthesis inhibition, PKR transcripts and proteins were not induced over the course of IPNV infection 

267,272. It was suggested that host protein translation inhibition might be part of IPNV strategy to evade 

the host antiviral response. 

5. Underlying molecular mechanisms of PKR/PKZ antiviral action 

The following section summarizes the main functions of PKR and PKZ in a context of viral infection 

and shed light on the underlying molecular mechanisms identified in mammals and in fish, including 

activation of PKR/PKZ, PKR/PKZ-mediated phosphorylation of eIF2α, PKR/PKZ-dependent 

activation of apoptosis and their role(s) in transduction of inflammatory and IFN responses. 

Figure 13 provides an overview of the mechanisms of action of PKR identified in mammals during 

viral infections. 
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Table II: Antiviral activity of fish PKR and PKZ 

 

 
Species 

PKR/PK

Z gene 
Cells Virus Virus family and type Viral titer 

Hypothetical mode of 

action 
References 

Overexpression 

Crucian carp (Carassius 

auratus) 

CaPKR 

CaPKZ 
CAB 

Grass Carp 

Reovirus (GCRV) 

Reoviridae 

Aquareovirus 

dsRNA, non-enveloped 

Reduced titer 

Cooperative role of 

CaPKR and CaPKZ to 

phosphorylate eIF2α 

239 

Nile Tilapia 

(Oreochromis niloticus) OnPKR FHM 
Grass Carp 

Reovirus (GCRV) 

Reoviridae 

Aquareovirus 

dsRNA, non-enveloped 

Reduced titer 
Inhibition of protein 

synthesis 
265 

Orange-spotted grouper 

(Epinephelus coioides) 
EcPKR GS 

Red Grouper 

Nervous Necrosis 

Virus (RGNNV) 

Nodaviridae 

Betanodavirus 

(+)-ssRNA, non-enveloped 

Reduced titer 

Reduced viral transcription 

PKR-mediated 

induction of ISG 
231 

Japanese flounder 

(Paralichthys olivaceus) 
PoPKR FEC 

Scophthalmus 

maximus 

rhabdovirus 

(SMRV) 

Rhabdoviridae 

Scophrhavirus 

(-)-ssRNA, enveloped 

Reduced titer 
Phosphorylation of 

eIF2α 
199 

Knock-down or chemical inhibition 

Crucian carp (Carassius 

auratus) 

CaPKR 

CaPKZ 
CAB 

Grass Carp 

Reovirus (GCRV) 

Reoviridae 

Aquareovirus 

dsRNA, non-enveloped 

Increased titer 

Cooperative role of 

CaPKR and CaPKZ to 

phosphorylate eIF2α 

239 

Chinook salmon 

(Oncorhynchus 

tshawytscha) 

OtPKR 
CHSE2

14 

Infectious 

Pancreatic Necrosis 

Virus (IPNV) 

Birnaviridae 

Aquabirnavirus 

dsRNA, non-enveloped 

Reduced viral titer following 

chemical inhibition of PKR 
Reduced apoptosis 267 

Rainbow trout 

(Oncorhynchus mykiss) 
OmPKR 

RTG-2 

RTGill 

Viral Hemorrhagic 

Septicemia Virus 

(VHSV) 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Increased viral transcription but 

titre not different from control 

PKR-mediated 

induction of IFN and 

ISG 

271 

Zebrafish (Danio rerio) DrPKR 
In vivo 

(larvae) 

Cyprinid 

Herpesvirus 3 

(CyHV-3) 

Alloherpesviridae 

Cypinivirus 

dsDNA, enveloped 

PKR: No difference with WT 

PKZ KO: Higher viral levels at 

1-4dpi but not at 5dpi 

- 263 
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Figure 13: Overview of mammalian PKR mechanisms of action during viral infection 

(1) Virus sensing. PKR can be activated either by virus-derived double-stranded RNA (dsRNA) or protein activator of 

PKR (PACT) in response to endoplasmic reticulum (ER) stress (misfolded proteins), which can be caused by virus 

infection. DEAH-box helicase 36 (DHX36)-RIG-I complex also facilitates PKR activation upon dsRNA exposure. PKR 

activation is modulated by cellular inhibitors p58IPK (58-kDa inhibitor of protein kinase) which inhibits PKR 

autophosphorylation, and transactivation response RNA-binding protein (TRBP), which sequesters dsRNA and PACT. 

(2) Inhibition of translation initiation. Both PKR-like ER kinase (PERK) and activated PKR can phosphorylate 

eukaryotic translation initiation factor 2 α (eIF2α). This results in the inhibition of translation initiation and a global 

shutdown of protein synthesis (3) Activation of apoptosis. PKR also triggers apoptosis via several pathways: inhibition 

of protein synthesis leads to (1) upregulation of transcription factors such as activating transcription factor 4 (ATF4), 

ATF3 and C/EBP homologous protein (CHOP) and activation of p53, resulting in the induction of proapoptotic genes, 

including B-cell lymphoma 2 (BCL2) family and death receptors (DRs); (2) downregulation of antiapoptotic regulators, 

such as cellular FADD-like interleukin (IL)-1β-converting enzyme inhibitory protein (cFLIP). Apoptosis is triggered by 

a signaling cascade involving FAS-associated protein with death domain (FADD), tumor necrosis factor (TNF) receptor 

type 1-associated death domain (TRADD), TNF receptor-associated factor 2 (TRAF2), resulting in activation of the 

caspase (casp) cascade, involving upstream initiator casp8, 10 and 9 and downstream executioner casp3 and 7. (4) MAPK 

and NF-κB proinflammatory signaling. PKR stimulates mitogen-activated protein kinases (MAPK) mediated 

proinflammatory signaling pathway involving MAPK kinase 6 (MKK6), extracellular signal-regulated kinases (ERK), c-

Jun N-terminal kinases (JNK), p38 and their downstream targets such as c-Fos, c-Jun, which form together activator 

protein 1 (AP-1) and ATF2. PKR also activates the nuclear factor-κB (NF-κB) signaling pathway by acting upstream of 

inhibitor of NF-κB (IκB) kinase (IKK) and/or by recruiting signal transducers such as members of the TRAF family. Both 

pathways converge on the induction of proinflammatory genes, such as TNFA, IL6 and IL1B. (5) Innate immune 

signaling. PKR interacts with cytosolic nucleic acid sensors retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated protein 5 (MDA5). This enhances downstream signaling pathways involving mitochondrial 

antiviral signaling protein (MAVS), TRAF3, TANK-binding kinase 1 (TBK1), interferon regulatory factor 1 (IRF1), 

IRF3, IRF7, resulting in induction of interferon (IFN). Subsequent activation of the JAK/STAT cascade occurs involving 

janus kinase 1 (JAK1), tyrosine kinase 2 (TYK2), signal transducer and activator of transcription 1 (STAT1), STAT2 and 

IRF9. This eventually leads to the induction of IFN-stimulated genes (ISGs). PKR is also involved in stabilising of IFNB 

transcripts via an unknown mechanism. (6) Formation of stress granules. Stalled protein synthesis promotes the 

formation of stress granules, which function as a platform for dsRNA sensing and for potentiating proinflammatory and 

IFN responses. Solid arrows represent direct interactions or actions; while dashed arrows indicate speculated interactions 

or unknown mechanisms. 

CYTOSOL

Casp3/7

ER 

stress

eIF2α

eIF2α
P

ER

2. INHIBITION OF 

TRANSLATION INITIATION

Pα

β

γ

mG

AAAAAA
A43S preinitiation

complex

ATF4 

translation

NUCLEUS

Proinflammatory genes (e.g. TNFA, 

IL1B, IL6), survival genesNF-κB

Stalled

translation

Type I IFN

TYK2 JAK-1

S
T

A
T

1

S
T

A
T

2

IRF9

P

P

IFNB
AAAAAAA

PKR

EXTRACELLULAR

PKR

STAT1

ATF3, CHOPATF4

c-Fos c-Jun

AP-1

IFNBNF-κB
IRF3/7

P

TNF-α

TRADD

TRAF2

PKR

Casp9

Casp8/10

STRESS 

GRANULE

MDA5
ISGs

RIG-I

DHX36
P

PKRP

Pro- and anti-apoptotic

genes (BCL2 family, 

DRs, p53)CHOPNF-κBAP-1

TBK1

IRF3 IRF7
P P

IKK

NF-κB

IκB

Proteasome

degradation

NF-κB

Active

IKK
P

P

RIG-I MDA5

RIG-I

DHX36
P

PKR
P

S
T

A
T

1

S
T

A
T

2

IRF9

P

P

ISGs (incl. PKR)

ERK

P

P38

P

JNK

P

MKK6

P

3. APOPTOSIS

MAPK PATHWAY

MITOCHONDRION

MAVS
TRAF3

PKR

Cyt c

cFLIP

translation

cFLIP

p58IPK

TRBP

Active

P P

PACT

P

PKRP

P

PKR

PKR

Inactive

dsRNA

P

PKR
P

TRBP

VIRUS

AP-1

5. INNATE 

IMMUNE 

SIGNALLING

4. MAPK AND NF-κB 

PROINFLAMMATORY 

SIGNALLING

6. STRESS GRANULE 

FORMATION

1. VIRUS SENSING

Stability

mG

PKR

ATF2

STAT3

PKR

TRBP

cFLIP

IRF1P53
P

IRF1

DRs

FADD

Pro-

casp8/10

FADD

TRAF2

Casp8/10

P

P

ATF3ΔZip2

AP-1

P53
P



 Introduction – Chapter 2  

 46 

5. 1. Activation of PKR and PKZ 

5. 1. 1. PKR latent state 

Protein kinases have been described as molecular switches with a default latent state (“off”), which 

is switched to an active state (“on”) in response to a signal. Two distinct non-mutually exclusive 

regulatory mechanisms have been identified: (1) pseudosubstrate inhibition, in which a portion from 

the kinase itself or another protein hides the protein substrate-binding site; (2) inactive conformation, 

in which the key active site residues are shifted from their functional positions 273. Transition from 

inactive to active state requires phosphorylation, removal of inhibitory domains or subunits, and/or 

association with other domains or subunits 273. 

In the cytoplasm, mammalian PKR is predicted to exist in a weak monomer-dimer equilibrium, the 

latent monomeric state being predominant 207,274. It has been suggested that latent PKR is locked into 

an inactive state via an auto-inhibition mechanism 275. The proposed mechanism relies on direct 

blockade of the activation loop in the kinase domain by dsRBM2, keeping PKR in a closed 

conformation, which is released upon binding to dsRNA 275,276. Nuclear magnetic resonance (NMR) 

studies also confirmed that dsRBM2 is able to bind to the kinase domain 277. 

However, this autoinhibition model has been challenged over the past 20 years. Indeed, PKR can be 

activated at high protein concentrations in the absence of dsRNA 274. Moreover, kinetic analysis of 

ATP binding to PKR revealed that ATP can interact with the unphosphorylated enzyme, suggesting 

that access to the activation loop is not blocked 278. Furthermore, atomic force microscopy images of 

latent PKR showed that PKR spontaneously adopts different conformations, ranging from closed and 

compact arrangements to almost fully opened conformations 278. 

However, very recent studies support the initial auto-inhibition model via autophosphorylation 

mechanisms: Wang et al. (2017) proposed a model, in which constitutive phosphorylation of Ser33 

and/or Thr42 residues in dsRBM1 of human PKR restrains conformational changes required for PKR 

activation 279. Another study also identified Ser6 and Ser97, located 3 amino acids upstream of 

dsRBM1 and dsRBM2 in human PKR, as negative regulators of PKR activation: mutational analysis 

suggested that the phosphorylation of these residues helps maintain PKR in a closed conformation 

and participates in PKR regulation 280. Nonetheless, these residues are poorly conserved in the PKR 

sequences of other organisms including fish, chicken and amphibians, which raises the question of 

the conservation of this regulatory mechanism between species. 

Regardless of this autoinhibition model, PKR requires an activation step to be fully catalytically 

functional, in a similar fashion to other eIF2α kinases. For PKR, activation can either be mediated by 

binding to dsRNA or by protein-protein interactions. 
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5. 1. 2. Double-stranded RNA-mediated activation 

Mammalian PKR. The canonical and best-characterized substrate and activator of PKR is dsRNA, 

which is primarily generated during the replication cycle of RNA viruses. PKR activation is triggered 

via dsRNA binding to its N-terminal dsRBMs. Interestingly, activation by dsRNA is length-

dependent and requires a minimum of 30 bp 281. NMR studies further showed that dsRBM1 has a 

dominant role in molecular recognition of short dsRNA sequences (20 bp), whereas both motifs 

participate significantly in binding to longer dsRNA sequences (> 30 bp) thereby allowing PKR 

activation 282. 

RNA binding results in activation of PKR kinase activity, but the detailed mechanisms of PKR 

activation have not been fully elucidated yet. Several authors have proposed a model where activation 

requires both dimerization and autophosphorylation steps 211,283. In this model, dsRNA serves as a 

scaffold to bind PKR monomers, thereby increasing the local concentration and facilitating 

dimerization 283. dsRNA binding results in back-to-back homodimer formation which is mediated by 

the N-terminal lobe of the kinase domain 211 (Figure 9D). PKR dimerization induces conformational 

changes that allows PKR to catalyze in trans  (i.e. intermolecularly), the phosphorylation of the 

activation loop at critical conserved threonine residues (Thr446 and Thr451 in human PKR) of 

another ‘substrate’ PKR (as a monomer or dimer) docked in a front-to-front geometry 283. It was 

proposed that the autophosphorylation of PKR kinase domain enhances dimer stability 274,284 and 

reduces dsRNA binding affinity 285. Eventually, the phosphorylated PKR dimer dissociates from 

dsRNA 207. It is believed that PKR dimers represent the active enzyme form that phosphorylates 

eIF2α 207. 

Fish PKR. In fish, the dsRNA binding capacity of the N-terminal dsRBMs was demonstrated for 

Japanese flounder PoPKR 199, zebrafish DrPKR 239 as well as Grass carp CiPKR 258 via poly(I:C)-

sepharose pull-down assays. Interestingly, each dsRBM from Japanese flounder could bind poly(I:C) 

separately 199 while dsRBMs from Grass Carp needed two or three dsRBMs to cooperate in vitro 

258.This activity was never directly demonstrated for other fish PKR but the systematic presence of 

double or triple dsRBMs 200 along with functional analysis suggest that fish PKR activation is similar 

to its mammalian counterparts. 

Fish PKZ. The N-terminal regulatory domain of PKZ binds tightly and specifically to Z-DNA and 

Z-dsRNA, resulting in its activation through homodimerization and autophosphorylation 203,221,239. 

Unlike dsRNA, which is produced during the replication cycle of many viruses, Z-DNA/RNA are 

non-canonical nucleic acids, whose biological functions are still unclear 220. Left-handed Z-DNA is 

a higher energy conformation of the dsDNA helix. Unlike canonical right-handed B-DNA, Z-DNA 
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adopts a zigzag arrangement of the phosphate backbone, which can be stabilized by negative 

supercoiling or the binding of a conformation-specific protein 286. Importantly, in contrast to the low-

energy forms of right-handed duplexes of RNA and DNA, which are structurally different from each 

other, Z-RNA adopts a very similar conformation to Z-DNA 287, which can also be recognized by Zα 

domains 288. As a consequence, PKZ might bind Z-dsDNA as well as Z-dsRNA, although the natural 

(viral) substrate recognized by PKZ in vivo has not been identified yet. Nonetheless, the involvement 

of PKZ in detection of viral nucleic acids during infections is strongly supported by the capacity of 

the Zα protein encoded by the cyprinid herpesvirus 3 (CyHV-3) ORF112 to outcompete the binding 

of PKZ to Z-DNA, suggesting that ORF112 acts as an inhibitor of PKZ 289. 

5. 1. 3. Alternative activation pathways 

Other studies have suggested that PKR can be activated in the absence of dsRNA binding, under 

specific conditions, including ER stress and artificially high concentrations of PKR. 

5. 1. 3. 1. Protein activator of PKR (PACT) 

Mammalian PKR. Mammalian PKR can be activated in a seemingly dsRNA-independent manner by 

protein activator of PKR (PACT) in response to diverse stress stimuli including serum starvation, 

peroxide, arsenite or thapsigargin (ER stress) treatment 206,290. Exposure to these stress stimuli leads 

to PACT phosphorylation and activation 206,290,291. Once activated, PACT interacts with PKR through 

its dsRBMs, leading to PKR activation 290. PACT binding to the same region as dsRNA is believed 

to result in similar conformational changes required for PKR activation 292. Although the primary 

signals inducing endogenous PACT-mediated PKR activation remain unclear, it is possible that 

PACT potentiates PKR activation in viral infections, insofar as viral proteins induce ER stress 293. 

Fish PKR. Fish orthologs of mammalian PACT have been reported in the literature 259,294. PACT-

PKR interaction was also described in vitro in HEK293T transfected with Grass Carp CiPACT and 

CiPKR 259. Furthermore, similarly to their mammalian counterparts, overexpression of CiPACT 

increased the phosphorylation of CiPKR. Taken together, these results suggest that PACT-mediated 

activation of PKR is likely functional in fish. 

5. 1. 3. 2. High protein concentrations 

Mammalian PKR. PKR was found in a phosphorylated (i.e. activated) state when overexpressed in 

E. coli 295. Although the presence of dsRNA or structured ssRNA of bacterial origin could not be 

ruled out, it was suggested that the high intracellular concentration of PKR was enough to induce 

dimerization and subsequent autophosphorylation. This hypothesis was later supported by in vitro 

studies 274, which showed that at high protein concentrations, PKR could dimerize, 
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autophosphorylate, and catalyze eIF2α phosphorylation 207,274,295. Similarly, PKR 

autophosphorylation was observed when incubated with heparin 296,297 or other polyanions (reviewed 

by García et al. (2006) 75). Although such concentrations are unlikely to happen in physiological 

conditions, it was suggested that PKR activation is initiated by monomers coming into close 

proximity in a similar manner to dimerization of PKR mediated through dsRNA binding 274. 

Fish PKR. A few observations suggest that activation of fish PKR at high concentrations might occur: 

firstly, Xu et al. (2018) have reported that only catalytically inactive mutated Crucian carp CaPKR 

could be detected by Western blot when the proteins were overexpressed in EPC cells 257, likely 

because of the translational shut-off induced by active PKR; secondly, overexpression of both 

mammalian and fish PKR could induce apoptosis in transfected cells 257,298. Altogether, these results 

suggest that overexpressed fish PKR are seemingly functionally active even in the absence of dsRNA 

substrate. 

5. 1. 3. 3. Caspases 

Mammalian PKR can also be activated during apoptosis triggered by diverse stimuli (including 

TNF α, anti-FAS and staurosporine) via proteolysis at Asp251 by caspases (3, 7 and 8). This 

cleavage-mediated release of PKR kinase domain leads to eIF2α phosphorylation resulting in 

translation inhibition during apoptosis 299. It was suggested that inhibition of de novo protein synthesis 

during apoptosis might be of importance to prevent inadvertent synthesis of proinflammatory 

molecules allowing safe clearance once phagocytosed 300. Whether this phenomenon exists with fish 

PKR/PKZ is currently not known. 

5. 2. Phosphorylation of eIF2α and inhibition of protein synthesis 

5. 2. 1. Mammalian PKR 

Like all members of the eIF2α kinase family, activated PKR catalyzes the phosphorylation of eIF2α 

(on Ser51 in human eIF2α) resulting in inhibition of protein synthesis. eIF2α is the main regulatory 

subunit of the eIF2 complex, which consists of 3 subunits (eIF2α, eIF2β, and eIF2γ). Under normal 

stress-free conditions, the eIF2 complex plays a key role in the initiation of mRNA translation: eIF2 

forms a ternary complex by binding the initiator tRNA (Met-tRNAi) in a GTP-dependent manner. 

The eIF2-tRNA complex then joins the 40S ribosome subunit, which forms the 43S pre‐initiation 

complex with other initiation factors 301,302. As initiation proceeds, GTP on eIF2 is hydrolyzed upon 

binding of the Met-tRNAi anticodon with the AUG start codon. This results in the dissociation of the 

eIF2-GDP complex from the 40S ribosome subunit. Inactive eIF2-GDP complexes are continuously 
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recycled for further rounds of mRNA translation initiation in a process catalyzed by the GTP 

exchange factor eIF2B. Eventually, this results in the return of eIF2 to its active form 301,302. 

Under stress conditions, Ser51-phosphorylated eIF2α blocks the eIF2B‐mediated exchange of GDP 

by sequestering eIF2B into a tight complex. This inhibition of eIF2B activity results in a deficient 

eIF2 recycling preventing formation of new 43S pre-initiation complex. This leads to the attenuation 

of protein synthesis, thereby limiting the production of virions in the infected cells 75,201 (Figure 14). 

 

Figure 14: Molecular mechanism of inhibition of protein translation initiation via phosphorylation of eIF2α in 

response to environmental stresses 

5. 2. 2. Fish PKR 

Inhibition of de novo protein synthesis is probably one of the best studied functions of fish PKR 

(Table I). This function has been established with in vitro overexpression studies combined with 

luciferase assays. It was reported that Japanese flounder PoPKR 199, Crucian carp CaPKR 239, Grass 

carp CiPKR 238,258, Fugu TrPKR1 and TrPKR2 266, and Nile tilapia OnPKR 265 limited the activity of 

a luciferase reporter gene upon transient co-transfection in mammalian and/or fish cells, and that this 

function was dependent on a functional kinase domain. 

Mechanistically, it was further demonstrated that fish PKR could catalyze the phosphorylation of 

eIF2α. For instance, eIF2α phosphorylation was increased in FEC cells transiently transfected with 

wildtype PoPKR and subsequently infected with Scophthalmus maximus rhabdovirus (SMRV); it was 

not the case with the catalytically inactive mutant K421R, suggesting that eIF2α phosphorylation 

results from the catalytic activity of PoPKR 199. Likewise, overexpression of wildtype CaPKR but not 

catalytically inactive mutant CaPKR in EPC cells resulted in phosphorylation of eIF2α 257. Similar 

results were obtained with Grass carp CiPKR 258 and zebrafish DrPKR 200. Additional evidence comes 
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from co-IP assays, which confirmed that Japanese flounder PoPKR could physically interacted with 

eIF2α in fish cells infected with SMRV, resulting in enhanced levels of phosphorylated eIF2α bound 

to catalytically active PoPKR compared to catalytically inactive mutant 199.  

Knockdown studies further corroborate the hypothesis that fish PKR is able to phosphorylate eIF2α: 

knockdown of Grass carp CiPKR leads to reduced levels of phosphorylated eIF2α upon poly(I:C) 

stimulation in CIK cells 259,261. Similarly, knockdown of Crucian carp CaPKR and Japanese flounder 

PoPKR also resulted in inhibition of eIF2α phosphorylation upon GCRV and SMRV infections, 

respectively 199,239, thereby confirming that eIF2α phosphorylation is mediated by PKR. 

5. 2. 3. Fish PKZ 

In a similar fashion to PKR, fish PKZ has the capacity to inhibit protein synthesis and this function 

requires a functional kinase domain, as described for zebrafish DrPKZ 203,269, Grass carp CiPKZ 268 

and Atlantic salmon SsPKZ 229. Interestingly, Liu et al. (2011) also showed that co-transfection of 

both CaPKR and CaPKZ potentiated this effect using the same reporter system 239, suggesting that 

fish PKR and PKZ may act in a cooperative manner. 

PKZ was also shown to phosphorylate eIF2α: Grass carp CiPKZ phosphorylated eIF2α in vitro when 

incubated with Z-DNA but not poly(I:C) 268. Wu et al. (2016) also confirmed Grass carp CiPKZ 

capacity to phosphorylate eIF2α in cellulo: CIK cells transiently transfected with CiPKZ displayed 

increased levels of phosphorylated eIF2α, contrary to catalytically inactive mutant 262. Similarly, 

Atlantic Salmon SsPKZ was also able to phosphorylate recombinant human eIF2α and rabbit eIF2 in 

vitro but not the non-phosphorylatable mutant eIF2α 229. Zebrafish DrPKZ and Crucian carp CaPKZ 

were found to interact with endogenous eIF2α when overexpressed in mammalian cell lines or in 

yeast leading to its phosphorylation 200,239,269. Similarly, knockdown of CaPKZ also led to reduced 

levels of phosphorylated eIF2α upon GCRV infection, although to a lesser extent than CaPKR 239. 

5. 3. PKR-mediated activation of apoptosis 

PKR is known for limiting viral replication not only through inhibition of global protein synthesis 

(aka. viral “shut-off”) but also by inducing apoptosis 303. The different pathways resulting in apoptosis 

and its role during viral infections are described in Chapter 1, Section 4. 5. 

5. 3. 1. Activation of apoptosis 

5. 3. 1. 1. Apoptosis triggered by PKR expression 

In mammals. Several studies have reported that overexpression of PKR is sufficient to induce 

apoptosis in transfected mammalian cells 298,304–306. Furthermore, it was reported that Pkr-/- MEFs and 
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macrophages were resistant to apoptosis in response to dsRNA, TNF-α, or LPS 307–309. The role of 

PKR in apoptosis is also supported by transcriptional analysis of HeLa cells overexpressing wild-

type PKR but not catalytically inactive mutant: pro-apoptotic genes (e.g. CASP9) were upregulated 

in PKR-expressing cells while anti-apoptotic genes (e.g. heat-shock protein HSP70, that inhibits 

mitochondrial release of cytochrome c and blocks procaspase-9 recruitment), were downregulated 310. 

In fish. Similar results were obtained in fish cell lines transfected with fish PKR: for instance, 

overexpression of wildtype Crucian carp CaPKR, but not catalytically inactive mutant, was sufficient 

to induce apoptosis in EPC cells 257. A comparable response was observed for both Grass carp CiPKR 

and CiPKZ when overexpressed in CIK cells 238,258,262. Overexpression of Grass carp CiPKR also led 

to upregulation of pro-apoptotic bax and down-regulation of anti-apoptotic bcl-2 while its knockdown 

resulted in opposite effects 259. 

5. 3. 1. 2. Activation of caspase cascade 

In mammals. Mechanistically, a few studies showed that PKR was able to activate the 

FADD/caspase-8/caspase-3 pathway, independently from FAS/FASL and TNF-α/TNFR1 

interaction 308,311–313. However, to date, the precise connection between PKR and FADD is still 

unclear. PKR overexpression can also trigger the intrinsic pathway via BAX translocation into the 

mitochondria, subsequent release of cytochrome c to the cytoplasm and activation of caspase 9 314. 

However, the same study demonstrated that caspase 9 activation occurs downstream of caspase 8 and 

that this pathway is dispensable to induce PKR-mediated apoptosis 314. Consistently, poly(I:C) 

transfection resulted in reduced levels of both activated caspases 8 and 9 in PKR-/- HeLa cells, 

compared to wildtype cells 249. In contrast, cleavage of caspases 3/7 and 9, but not caspase 8 was 

observed in macrophages stimulated with LPS, suggesting that PKR is a critical mediator of the 

intrinsic apoptotic pathway in these experimental conditions 309. These results suggest that PKR is 

involved in different apoptosis pathways depending on the cell types and the stimuli. 

In fish. In fish, caspases 8 and 9 were also activated in EPC transfected with Crucian carp CaPKR 257. 

Further research is needed to determine which apoptotic pathways are triggered by fish PKZ. 

5. 3. 2. Underlying mechanism: PKR/eIF2α mediated apoptosis 

Several studies have demonstrated that PKR-mediated apoptosis was a process dependent on eIF2α 

phosphorylation via induction of specific subsets of pro-apoptotic genes and inhibition of anti-

apoptotic regulatory factors. 
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5. 3. 2. 1. PKR/ATF4/CHOP pathway 

Mammalian PKR. Although the translation of most cell mRNAs is inhibited by PKR-mediated eIF2α 

phosphorylation, it also induces the translation of specific host genes involved in the stress response, 

such as ATF4, ATF3 and C/EBP homologous protein (CHOP) 310,315. Under normal conditions, 

translation of ATF4 mRNAs is limited by the presence the upstream short ORFs in their 5’-UTR, 

which attract ribosomes. Alternatively, under stress conditions, limited number of 43S preinitiation 

complexes leads to longer ribosomal scanning along the ATF4 transcript, resulting in re‐initiation of 

translation at the ATF4 coding region 316. The resulting elevated translation of ATF4 mRNA promotes 

transcriptional upregulation of a subset of genes involved in cellular stress adaptation, including 

ATF3 and CHOP, in a sequential manner 317. CHOP is known for regulating the expression of many 

anti-apoptotic and pro-apoptotic genes, including genes encoding the BCL-2-family proteins and the 

death receptors DR4 and DR5, which trigger the intrinsic and extrinsic apoptotic pathways 318. 

Current understanding of eIF2α/ATF4/CHOP signaling pathway comes largely from studies on ER 

stress and amino acid starvation involving the eIF2α phosphorylation by PERK and GCN2, 

respectively. Nevertheless, it has been shown that PKR also can induce apoptosis under ER stress 

conditions through PACT leading to the activation of eIF2α/ATF4/CHOP signaling pathway in a 

PERK-independent manner 206. Furthermore, ATF3 was reported to be induced upon overexpression 

of wildtype PKR but not the catalytically inactive mutant 310. Further investigation revealed that the 

absence of ATF3 decreased PKR-induced apoptosis when PKR was overexpressed in cell lines 310. 

Interestingly, PKR overexpression also upregulated the expression of an alternative spliced isoform 

of ATF3, called ATF3ΔZip2, which promotes apoptosis via competition for the binding with the 65-

kDa subunit of the NF-κB complex 310. ATF3ΔZip2 was reported to suppress the NF-κB-dependent 

transcription of survival genes, referred to as cellular inhibitors of apoptosis, thereby indirectly 

making the cells more sensitive to apoptosis 319.  

Viral infections can also induce apoptosis through the eIF2α/ATF4/CHOP pathway (reviewed by Liu 

et al. (2020) 293), although the kinase which phosphorylates eIF2α may vary from one virus to another. 

While many studies have reported the activation of the PERK/eIF2α/ATF4/CHOP pathway in virus-

infected cells, a few others mention PKR as one of the kinase activators. For instance, knockdown of 

both PKR and PERK inhibited CHOP upregulation and apoptosis in infectious bronchitis virus-

infected cells 320. 

Fish PKR. The PKR/eIF2α/ATF4/CHOP axis has not been directly investigated in fish. However, 

unique orthologs of atf3, atf4 and chop are present in most fish genomes, suggesting that this pathway 

is might be functional in these organisms. Several studies have also reported the activation the 
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eIF2α/ATF4/CHOP pathway in case of ER stress in Crucian carp 321, zebrafish 322,323, Spotted seabass 

(Lateolabrax maculatus) 324, although in most cases, PERK was identified as the initiator kinase. 

5. 3. 2. 2. PKR-mediated inhibition of translation promotes apoptosis 

Mammalian PKR. A few studies suggested that PKR-mediated translational arrest indirectly 

promotes apoptosis by inhibiting the synthesis of anti-apoptotic regulators. Hsu et al. (2004) observed 

that transfection of bone marrow-derived macrophages (BMDMs) with poly(I:C) followed by LPS 

treatment inhibited accumulation of anti-apoptotic proteins, such as cellular inhibitor of apoptosis 1 

(cIAP1). Consistently, Pkr-/- BMDMs did not show reduced levels of these proteins 309. Using 

eIF2a(S51A) BMDMs, the authors further showed that phosphorylation of eIF2α was required for 

maximal induction of apoptosis upon incubation of LPS 309. 

Recently, it was reported that PKR downregulates the expression of cFLIP (cellular FLICE (FADD-

like IL-1β-converting enzyme)-inhibitory protein), which is a key anti-apoptotic regulator 249. 

Mechanistically, cFLIP isoforms regulate the activation of apoptosis by binding to Caspase 8 325. Zuo 

et al. (2022) observed that coumermycin A1-mediated activation of PKR led to decreased cFLIP 

levels, while apoptosis markers including caspases 8 and 9 were upregulated 249. Conversely, in 

poly(I:C) transfected wildtype HeLa cells but not PKR-/- cells, cFLIP expression was decreased and 

proapoptotic markers became apparent. As cycloheximide, a potent translation inhibitor, displayed a 

similar response to PKR activation, the authors suggested that PKR-driven inhibition of cFLIP was 

mediated by translational arrest 249. 

Fish PKR. The functional role of cFLIP in PKR-mediated apoptosis has not been investigated in fish. 

Nevertheless, Sakamaki et al. (2015) showed that cFLIP proteins retain a relatively conserved 

structure across vertebrates 326. Further investigation revealed that zebrafish cFLIP, along with other 

non-mammalian cFLIP proteins, had the ability to inhibit the extrinsic apoptotic pathway when 

overexpressed in mammalian HeLa cells 326. These results provide evidence that cFLIP proteins have 

conserved functions from fish to mammals.  

5. 3. 3. Underlying mechanism: eIF2α-independent apoptosis 

Although most studies have reported that PKR-mediated apoptosis is dependent on eIF2α 

phosphorylation, a few others have described the existence of a PKR-mediated but eIF2α-independent 

pathway triggering apoptosis. Von Roretz & Gallouzi (2010) have shown that PKR-mediated 

activation of the FADD/caspase 8/caspase 3 pathway after staurosporine treatment (ER stressor) does 

not require the phosphorylation of eIF2α 313. Similarly, Hsu et al. (2004) reported the existence of a 

residual PKR-mediated apoptotic response in eIF2a(S51A) macrophages stimulated with LPS, 



 Introduction – Chapter 2  

 55 

suggesting the existence of an alternative PKR-dependent pro-apoptotic pathway triggered by 

specific conditions 309. It was later shown that PKR can also induce apoptosis independently of eIF2α 

phosphorylation via activation of transcription factors NF-κB and p53 (reviewed by García et al. 

(2006) 75). 

NF-κB controls the transcription of a large number of genes involved in immune and inflammatory 

responses, cell growth, cell survival 327. This transcription factor is commonly known for controlling 

development, survival and inflammation programs, but reports have also linked NF-κB activation to 

apoptosis 328,329. Indeed, under certain conditions including viral infections, NF-κB is known for 

inducing several pro-apoptotic transcription genes (e.g. p53, FAS, FASL) 312. The molecular 

mechanisms by which PKR activates the NF-κB pathway will be discussed in Section 5. 4. 2. 

The p53 tumor suppressor plays a key role in cellular homeostasis through the modulation of cell-

cycle arrest, DNA repair, senescence, and apoptosis 242. Studies using Pkr-/- MEFs also suggest that 

PKR might modulate p53 function 330. Mechanically, in vitro studies showed that PKR can associate 

with p53 resulting in its phosphorylation, activation and stabilization as a transcription factor 331,332. 

Since p53 transcription factor activates several effector processes, including the intrinsic apoptotic 

pathway 333, it was suggested that PACT/PKR-mediated p53 stabilization could result in 

apoptosis 334,335. 

5. 4. PKR as a transducer of the inflammatory and interferon responses 

In addition to inhibiting cellular translation and promoting apoptosis, PKR is also involved in various 

signal transduction pathways of the inflammatory and IFN responses, which are both triggered upon 

viral infection. Activation of those responses leads to cytokine production and promotion of a 

systemic immune response, thereby preventing spreading of the viral infection. However, in most 

cases, the precise role of PKR in the activation of these pathways remains elusive. 

5. 4. 1. PKR role in mitogen-activated protein kinase (MAPK) signaling 

MAPKs are a family of highly conserved serine-threonine protein kinases, involved in signal 

transduction pathways that regulate mitosis, cell differentiation, metabolism and cell death in 

eukaryotes 336. The MAPKs can be classified into 3 groups: (1) ERKs, responding primarily to growth 

factors and mitogens; (2) JNKs, activated by environmental stress stimuli, inflammatory cytokines 

and growth factors; and (3) p38, strongly activated in response to stress and inflammatory cytokines. 

During viral infections, the MAPK cascade participates in regulating the immune response and 

apoptosis 337. Downstream targets of the MAPK pathway include transcriptional factors such as NF-
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κB p65, c-Jun, c-Fos, ATF1/2/6, CHOP, p53, STAT1, STAT3 which modulate the expression of 

genes involved in proliferation, apoptosis and immune and inflammatory responses 337. 

PKR appears to be involved in the modulation of the MAPK pathway: Pkr-/- MEFs displayed limited 

activation of p38 and JNK MAPKs in response to proinflammatory signals including poly(I:C), LPS, 

IL-1β, and TNF-α 234. Similarly, PKR deficiency in HeLa cells impaired the phosphorylation of JNK 

and p38 in response to dsRNA, a mutant strain of vaccinia virus or measles virus 338,339. From a 

mechanistic point of view, it was discovered that p38 MAPK kinase 6 (MKK6) was efficiently 

phosphorylated by PKR in vitro and that activated PKR was able to directly regulate MKK6 activity 

in vivo upon poly(I:C) treatment 340. Nevertheless, other studies demonstrated that although dsRNA-

mediated activation of the JNK pathway was greatly reduced in cells lacking RNaseL and PKR, 

activation of the p38 pathway happened in a RNaseL- and PKR-independent manner, suggesting 

existence of alternative dsRNA-triggered signaling pathways 341. Taken together, these results 

suggest a role of PKR in the activation of the MAPK pathway but whether PKR acts directly or 

indirectly remains to be clarified. 

5. 4. 2. PKR role in NF-κB signaling 

Besides activating the MAPK signaling pathway, PKR is also known for regulating the inflammatory 

response by modulating the NF-κB signaling pathway.  

In Pkr-/- MEFs dsRNA treatment was unable to activate NF-κB 342. Furthermore, PKR knock-down 

assays combined with NF-κB electrophoretic-mobility shift assay and IκBα detection by western blot 

showed that PKR was required for maximal NF-κB activation upon poly(I:C) transfection as well as 

during measles virus infection 343,344. Early studies indicated that PKR could phosphorylate IκBα and 

induce NF-κB DNA-binding in vitro 345, although evidence for a direct phosphorylation of IκBα by 

PKR in vivo was not demonstrated. It was later discovered that PKR could interact with the IKK 

complex, leading to the degradation of the inhibitors IκBα and IκBβ and the concomitant release of 

NF-κB 345,346. It is still unclear whether the PKR-driven activation of IKK involves PKR catalytic 

activity or not, as discrepancies can be found in the literature 309,310,347–349. 

Another hypothesis is that PKR provides a signaling platform via its kinase domain, which recruits 

signaling molecules such as members of the TRAF family, which are well-known signal transducers 

of the signaling pathway resulting in NF-κB activation 350. Direct interactions between PKR kinase 

domain and C-terminal domains of TRAF2, TRAF5 and TRAF6 support this hypothesis 350,351. 

However, to date, the exact relationship between PKR and NF-κB still remains unclear. This is 

particularly evident in fish models, where the studies tackling this question are scarce. Nevertheless, 

co-IP and pull-down assays showed that Grass carp CiPKR binds to IKKβ and that IKKβ interacts 
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with IκBα 260. Furthermore, Fugu TrPKR1 and TrPKR2 induced transcriptional activity of a 

mammalian NF-κB luciferase reporter upon transfection in HINAE cells 266. This pathway of action 

of PKR is therefore likely functional in fish. 

5. 4. 3. PKR role in type I IFN response 

5. 4. 3. 1. PKR potentiates the production of type I IFN 

The importance of PKR in the production of type I IFNs has been strongly debated over the years 352 

but evidence point to a role of PKR in potentiating the IFN response during viral infections. 

Der & Lau (1995) initially showed that the induction of IFNA and IFNB genes was impaired in PKR-

deficient cells upon exposure to several inducers including LPS and encephalomyocarditis virus 

(EMCV) 247. In addition, PKR knock-down reduces IFN-β and/or IFN-α induction upon transfection 

with dsRNA 344,353 but also during infection with a measles virus vaccine strain 343. In contrast, PKR 

silencing or inhibition with pharmacological inhibitors both led to increased induction levels of IFN-

β upon HCV infection 256.  

Further studies showed that PKR can act as an enhancer for IFN-β production for some but not all 

viruses. In particular, PKR seems to be not required for IFN-α/β production in cells infected with 

RIG-I dependent viruses (e.g. Sendai virus, influenza virus), while it promotes IFN-α/β production to 

MDA5-dependent viruses (e.g. EMCV, rotavirus, WNV, Semliki Forest virus) 354. 

5. 4. 3. 2. Underlying mechanisms 

In mammals. PKR-dependent enhancement of IFN-β induction seems to involve several pathways, 

including activation of NF-κB and modulation of the RIG-I/MDA5 signaling pathway. PKR may also 

act as a stabilizer of IFNB transcripts and as an activator of the IRF1 pathway. 

Activation of NF-κB. During measles virus infection, enhancement of IFN-β induction was shown 

to involve PKR-dependent NF-κB activation while IRF3 activation was a PKR-independent 

process 343. Another study showed that LPS stimulation also led to induction of IFN-β through PKR-

mediated activation of NF-κB, resulting in STAT1 phosphorylation 355. Consistently, chemical 

inhibition of PKR activity and/or PKR knock-down resulted in inhibition of STAT1 phosphorylation 

and subsequent STAT-mediated transcription of inflammatory genes, as well as suppression of 

nuclear factors binding activity to ISRE upon LPS treatment 355. Nevertheless, as mentioned above, 

the molecular mechanisms by which PKR activates NF-κB are still poorly understood. 

PKR as an adaptor in RIG-I/MDA5 signaling pathway. PKR was shown to directly interact with 

components of RIG-I/MDA5 signaling pathway, which stimulates IFN-β production. For example, 

knockdown and co-IP studies showed that upon HCV infection PKR interacts with MAVS and 
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TRAF3 but not RIG-I leading to a strong induction of protein ISG15 as well as other IRF3-dependent 

ISGs 356. These associations required dsRBMs but not the kinase activity of PKR, suggesting that 

PKR acts as an adaptor protein in this pathway 356. PKR was also reported to associate with MDA5 

and to stimulate IFN-β production in a kinase-dependent manner after vaccinia virus infection without 

eIF2α phosphorylation requirement 357. Further investigation revealed that PKR was required for 

IRF3 phosphorylation and nuclear translocation during vaccinia virus or EMCV infection 357,358. 

Furthermore, activation of PKR resulted in IFN-β upregulation even in the absence of MDA5, but 

required MAVS, suggesting that PKR acts as a signal transducer between these two pathway 

elements 357. Consistent with this hypothesis, a direct interaction between PKR and MAVS has also 

been reported 359.  

Direct interaction between PKR and RIG-I during influenza or vaccinia virus infections has also been 

recently reported 357,360 but PKR activation was not required in RIG-I signaling pathway, suggesting 

that PKR role downstream of RIG-I might be redundant with other signal transduction proteins. 

PKR as a stabilizer of IFNB transcripts. Schulz et al. (2010) reported that EMCV infection strongly 

induced IFNB transcription in PKR-deficient cells, but little or no IFN-β protein was produced 354. 

Similarly, Sen et al. reported low IFN-β secretion in Pkr-/- MEFs infected with rotavirus compared to 

wildtype MEFs although the transcript levels were not reduced 361. Further investigation revealed that 

IFNB mRNAs produced in EMCV-infected PKR-deficient cells lacked a polyA-tail, suggesting that 

PKR is required for the integrity and stability of IFNB transcripts 354. However, the regulation of this 

mechanism by PKR is currently not known. 

PKR as a component of the IRF1 pathway. IRF1 regulates the expression of IFNA and IFNB genes 

(among others) and is strongly induced upon viral infections 362. Activation of the promoters of IRF1 

and IRF1-induced genes in response to dsRNA exposure was shown to be defective in Pkr-/- MEFs, 

suggesting that PKR acts as a signal transducer for IRF1-dependent gene induction by regulating 

IRF1 promoter 342. This hypothesis is also supported by another study showing that HCV-mediated 

inhibition of PKR blocks IRF1 activation and IRF1-dependent gene expression 363. Nonetheless, the 

mechanisms by which PKR promotes IRF1 activation are poorly understood. 

In fish. Very few studies have focused on PKR role in type I IFN production in fish. Nevertheless, 

chemical inhibition of PKR (but also PERK) resulted in reduced mRNA levels of ifn and mx1 in 

RTG2 and RTgill cells upon VHSV infection 271. It was also reported that irf1, irf3 and irf7, isg15, 

isg56, and mx were all significantly increased in cells overexpressing orange-spotted grouper 

EcPKR 231. In the same study, reporter assays further revealed that EcPKR overexpression led to 

increased activity of ifnb and nfkB promoters compared to the cells transfected with the empty 

vector 231. Similarly, overexpression of Grass carp CiPKZ leads to enhanced activity of ifn promoter 
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in CIK and CO cells, and CiPKZ knock-down results in reduced induction of type I IFN mRNA upon 

poly(G:C) stimulation 232. Co-IP assays showed that CiPKZ can separately interact with IRF3, 

STING, eIF2α, IRF9, and STAT2 232. Taken together, these results suggest that fish PKR and PKZ 

might be a modulator of the type I IFN response in fish, in a similar fashion to their mammalian 

counterparts. 

6. Modulation of PKR during viral infections 

Given its critical role in apoptosis and shutdown of the cellular translation machinery, PKR requires 

fine tuning. Indeed, excessive PKR activity can be detrimental, as is observed in Aicardi-Goutières 

syndrome patients where mutations in ADAR1 lead to increased levels of endogenous dsRNA, 

thereby triggering PKR activation and uncontrolled IFN production 364. 

6. 1. Autoregulation of PKR 

6. 1. 1. Translational autoregulation 

Activated PKR negatively regulates its expression via the inhibition of protein translation initiation 

of its own mRNA 365. Similar results were suggested in fish, as non-functional Crucian carp CaPKR 

but not catalytically active CaPKR can be detected by western blot in transfected EPC cells 257. 

6. 1. 2. Splice variants 

In mammals. Splice variants have been reported for mammalian PKR and it was suggested that they 

might play a role in the regulation of PKR 366–368. For instance, Li & Koromilas (2001) described a 

human PKR splice variant (PKRΔE7) in which exon 7 was spliced out, resulting in a frame shift and 

the appearance of a premature stop codon 369. The truncated 174-aa protein, contained only the 

dsRBMs and was weakly expressed compared to full length PKR. Interestingly, it exhibits as 

dominant negative function, as co-expression of both isoforms resulted in inhibition of PKR 

autophosphorylation and eIF2α phosphorylation by full length PKR 369. 

In fish. In fish, alternative splice variants have also been described in zebrafish DrPKZ 203,269 but the 

functional characterization of these variants has not been not carried out. 

6. 2. Cellular inhibitors of PKR functions 

The list of PKR cellular inhibitors has been extensively reviewed by García et al. (2006) 75. Cellular 

inhibitors of PKR include: 58-kDa inhibitor of PKR (P58IPK), trans-activation response RNA-binding 

protein (TRBP), 67-kDa-glycoprotein (p67), MDA7, HSP90 and HSP70, among others 75. The 
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inhibitory mechanisms of these molecules are diverse and include sequestering dsRNA or PACT 

away from PKR (e.g. TRBP, HSP70), blocking PKR activation step (e.g. P58IPK) or inhibiting PKR-

dependent eIF2α phosphorylation (e.g. p67). However, the role of these inhibitors during viral 

infections is often unclear and will not be further discussed in this review. Importantly, those 

inhibitors have been identified in mammalian systems and it is currently not known if their fish 

counterparts exist and/or function in a similar fashion. 

6. 3. PKR modulation in stress granules (SGs) 

6. 3. 1. SGs in mammals 

PKR-mediated inhibition of the translation machinery results in the accumulation of stalled 

translation pre-initiation complexes, which assemble into cytoplasmic ribonucleoprotein complexes 

called stress granules (SGs) 370,371. Importantly, SG formation is induced in response to environmental 

stress conditions, including heat/cold shock, oxidative and osmotic stress, UV irradiation but also 

viral infections 372. Substantial evidence indicates that PKR plays a key role in the SG formation and 

that SGs potentiate PKR antiviral action. Indeed, SG formation often occurs in an eIF2α 

phosphorylation-dependent manner upon viral infections 373. Overexpression and knockout studies 

demonstrated that PKR is necessary for formation of SGs upon transfection with poly(I:C) and 

infection with influenza A virus 374. The newly formed SGs provide a platform for antiviral signaling 

pathways by recruiting PKR as well as other RNA-binding proteins (MDA5, RIG-I, OAS) thereby 

potentiating eIF2α phosphorylation and promoting transcription of type I IFNs and inflammatory 

cytokines via MAVS-driven activation of IRF3/7 and NF-κB transcription factors 374,375. 

6. 3. 2. SGs in fish 

In fish, a recent study showed that SG formation is triggered by PERK and not PKR upon VHSV 

infection in EPC cells but also RTG-2 and RTGill 271. This is consistent with previous studies 

reporting that VHSV infection in EPC cells regulates translation by activating the PERK/eIF2α 

pathway rather than by PKR 172. Similar results were obtained in a GS cell lines upon RGNNV 

infection: chemical inhibition of PKR had little effect on the formation of SGs, whereas inhibition of 

PERK significantly limited their formation and decreased eIF2α phosphorylation 376. The possible 

role of fish PKZ in the formation of SG induced by fish viruses has, however, not been studied. 

6. 4. Viral subversion of PKR and PKZ activation 

In mammals. PKR subversion mechanisms were recently reviewed for mammalian viruses by Cesaro 

& Michiels (2021) 377. These mechanisms are diverse and include PKR degradation through the 



 Introduction – Chapter 2  

 61 

proteasomal pathway (e.g. Rift valley fever virus NSs), dsRNA sequestration or degradation (e.g. 

Vaccinia virus E3L, reovirus σ3), inhibition of PKR dimerization, autophosphorylation and/or kinase 

function (e.g. HCV NS5A), synthesis of PKR pseudosubstrates (e.g. Vaccinia virus K3L mimics 

eIF2α), enhancement of eIF2α dephosphorylation through recruitment of antagonist phosphatases 

(e.g. RSV N) and hijacking of cellular inhibitors (e.g. Influenza NP hijacks P58IPK) 75,377. 

In fish. No specific studies were conducted in fish. There are a few reports demonstrating the ability 

of some fish viral proteins to sequester dsRNA, thereby preventing optimal activation of PKR and 

other dsRNA receptors. For instance, betanodavirus B2 protein is capable of binding its own 

dsRNA 378,379, thereby inhibiting dsRNA-dependent responses. The ORF2 protein encoded by the 

segment 8 of ISAV has been described as a type I IFN suppressor 184 with some dsRNA binding 

properties 182,380. Some viruses can also subvert RNA-binding properties of cellular proteins to favor 

replication in infected cells. This is the case for GCRV, where Grass carp TIA1 binds viral dsRNA, 

thereby protecting it from degradation and potentially from activating PKR 381. These are indirect 

observations and further specific studies would be required to evaluate the limitation of PKR 

activation. Finally, the vIF2α protein from Rana catesbeiana iridovirus Z is a functional inhibitor of 

human PKR and zebrafish DrPKR, and probably functions as a pseudosubstrate of PKR 382. 

Concerning PKZ, the Zα-containing ORF112 protein of CyHV-3 was identified as a as potent 

inhibitor of PKZ by competing for Z-DNA binding 289. The discovery of Z-DNA binding domains in 

fish viruses suggests host-pathogen antagonism with PKZ, in a similar fashion to poxvirus E3L 

previously described in mammals as a PKR inhibitor 383. 

7. Conclusion 

As presented in this review, PKR is a versatile kinase at the crossroads of virus sensing, stress 

response and innate immune signaling pathways: once activated, it initiates protein translation 

inhibition and promotes apoptosis, but it also acts as a transducer in the inflammatory and IFN 

responses. Its crucial role in the antiviral response is further supported by the fact that many viruses 

evolved subversion strategies to antagonize PKR-mediated antiviral mechanisms. Although studies 

focusing on fish PKR are relatively scarce, it seems that the antiviral functions attributed to 

mammalian PKR are also relatively conserved in these organisms. The existence of a fish specific 

PKR-like protein, namely PKZ, raises further questions about their respective and/or cooperative 

roles in fish antiviral response. This opens many interesting avenues for future investigation to 

provide insights into fish PKR and PKZ mode of action. 
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CHAPTER 3 

The role of Viperin in antiviral defenses in fish and mammals 

1. Introduction 

The following chapter focuses on virus inhibitory protein, endoplasmic reticulum-associated, 

interferon-inducible (Viperin), also known as radical S-adenosyl-methionine (SAM) domain-

containing protein 2 (RSAD2), which ranks among the most highly induced ISGs during viral 

infections. Extensive research over the past 25 years has cemented its place as a broad-spectrum 

antiviral effector. Nevertheless, some of the underlying molecular mechanisms of action of Viperin 

have only recently been discovered. 

The aim of this introduction chapter is to summarize the current knowledge about the biological 

functions attributed to Viperin, with a special focus on the underlying molecular mechanisms of its 

antiviral action. In a similar fashion to Chapter 2 on PKR, comparisons between mammalian and 

fish systems are presented, wherever possible. For this purpose, this chapter is divided as follows: 

(1) overview of the historical discovery of Viperin; (2) structure and evolution of Viperin; protein 

structure; (3) induction pathways and antiviral activity of Viperin; (4) underlying molecular 

mechanisms of its antiviral action, including (4a) direct antiviral mechanisms against viruses 

(4b) indirect antiviral mechanisms involving interactions with host proteins; (5) modulation of 

Viperin during viral infections and (6) its emerging regulatory role in metabolic processes under non-

pathological conditions. 

2. Brief overview of the historical discovery of Viperin 

The discovery of Viperin is well worth a special mention, as it is one the few immune genes that were 

first described in lower vertebrates and later characterized in mammalian models. This gene was 

initially found as a cDNA fragment (named cig5 for cytomegalovirus-induced gene 5) identified by 

differential display analysis in primary human foreskin fibroblasts infected with human 

cytomegalovirus (HCMV) 384. A homologous gene was later cloned and described in rainbow trout 

leukocytes incubated with VHSV and was then named vig-1 for VHSV-induced gene 1 140. The mouse 

and rat homologs of vig-1, named mvig and best5 (for bone-expressed sequence tag 5), were later 

cloned from VSV and pseudorabies virus-infected splenocytes and from osteoblasts, 

respectively 385,386. It was not until 2001 that the full length transcript of the human homolog was 

cloned and further characterized from primary human macrophages treated with IFN-γ 387. On this 
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occasion, it was renamed Viperin, which stands for virus inhibitory protein, ER-associated, IFN-

inducible. According the HGNC-approved nomenclature, Viperin is now also referred to as radical 

SAM domain-containing protein 2 (RSAD2), in relation to the protein family to which it belongs. 

3. Structure and evolution of Viperin 

3. 1. Radical SAM enzyme superfamily 

As its HGNC name (RSAD2) suggests, Viperin is part of the radical SAM enzyme superfamily due 

to the presence of a CX3CX2C motif located in its central domain (described in greater detail 

hereafter), which is characteristic of this family. Radical SAM enzymes are able to generate radical 

species by reductive cleavage of the cofactor SAM through a [4Fe–4S] cluster into a 5′-

deoxyadenosyl radical (5′-Ado•) and methionine 388. The generated radical species enables 

remarkably diverse biochemical reactions, such as sulfur insertion, ring formation, anaerobic 

oxidation and protein radical formation, among others 388. Nonetheless, the vast majority of the radical 

SAM enzymes in this family have unknown enzymatic activities and/or biological functions. 

Although the size of this superfamily was initially estimated at ∼600 members 388, this number has 

dramatically expanded over the past few years and is currently estimated at ~700 000 members found 

across all domains of life (Bacteria, Archaea, Eukarya), making it the largest enzyme superfamily in 

nature 389. Importantly, most radical SAM enzymes are found in prokaryotic species and only a few 

of them are present in animals. For instance, the human genome contains nine genes encoding radical 

SAM enzymes 390, including: (1) molybdenum cofactor synthesis 1 (MOCS1) aka. MoaA, which 

catalyzes the first step of molybdenum cofactor synthesis required for the catalytic activity of 

molybdenum-dependent enzymes 391; (2) lipoic acid synthase (LIAS), involved in the synthesis of 

lipolyl cofactor, which is involved in energy metabolism and the degradation of specific amino acids 

392; (3) CDK5 regulatory subunit associated protein (CDK5RAP1), (4) CDK5RAP1-like (CDKAL1), 

(5,6) tRNA-yW synthesizing protein (TYW1) and the closely related TYW1 homolog B (TYW1B), 

(7) elongator acetyltransferase complex subunit 3 (ELP3); the five latter enzymes being involved in 

the modification of tRNAs 390; (8) radical SAM domain containing 1 (RSAD1), which is likely 

involved in cardiac function and/or development, although its precise function is still unknown 393 

and (9) Viperin aka. RSAD2, which is involved in the innate immune response. 

3. 2. Structure of Viperin 

Structurally, mammalian Viperin is composed of 3 distinct regions: an N-terminal extension that 

contains an amphipathic α-helix; a conserved central domain bearing the canonical CX3CX2C motif 
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characteristic of the radical SAM superfamily and a conserved C-terminal extension 140,394,395 (Figure 

15). Importantly, this structure is widely conserved among vertebrates, including fish 396–399. 

 

Figure 15: Molecular structure Viperin proteins from vertebrates and lower eukaryotes 

(A) Schematic representation of domain organization of Viperin proteins from Homo sapiens (Hs) (NP_542388.2), Gallus 

gallus (Gg) (NP_001305372.2), Xenopus tropicalis (Xt) (XP_002935073.2), Danio rerio (Dr) (NP_001020727.1), 

Pimephales promelas (Pp) (XP_039523815.1), Oncorhynchus mykiss (Om) (OmVip1a: XP_021438647.2, OmVip1b: 

XP_036818203.1, OmVip2: XP_021430389.2) and Tetraodon rubripes (Tr) (XP_003962537.1), Trichomonas vaginalis 

(Tva) (XP_001324419.1), Trichoderma virens (Tvi) (XP_013958240.1). The localization of the radical SAM domain and 

of the α-helix were obtained using SMART and JPred4, respectively. (B) Percent identity matrix of full length Viperin 

proteins (in grey) and the corresponding sequence truncated from the N-terminal domain (in blue). (C) Topology diagram 

of mouse Viperin; the β-strands and helices are represented by arrows and cylinders, respectively. Figure adapted from 

Fenwick et al. (2017) 394. (D) Ribbon representation of mouse Viperin-Δ44 bound to a [4Fe-4S] cluster and SAH and 

crystallized by Fenwick et al. Note that the N-terminal amphipathic α-helix is not represented as this domain was excised 

from the crystallized protein (for technical reasons). Figure adapted from Fenwick et al. (2020) 400. 
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3. 2. 1. N-terminal domain 

The N-terminal extension of Viperin is the most variable region in terms of sequence identity and 

length among vertebrate species 395,401,402 (Figure 15A,B). 

In mammals. In mammals, this domain contains a leucine-zipper motif within an amphipathic α-

helix 387. Amphipathic helices are known to get inserted into one leaflet of the lipidic bilayer and to 

induce membrane curvature 403. Consistently, the α-helix of Viperin plays an important role in the 

subcellular localization of Viperin to the ER cytosolic face 404,405 and to lipid droplets 404,406, likely 

via anchoring into the membrane. The crystal structure of mouse Viperin revealed that residues 45-

73 of the N-terminal domain (linking the α-helix to the radical SAM domain) are disordered and may 

act as a flexible linker that aids molecular mobility after localization to the ER membrane 394 (Figure 

15D). 

The N-terminal domain seems to be involved in the antiviral activity of Viperin in a virus-dependent 

manner. In mammals, it was reported that deletion of the first 50 or 70 aa residues did not drastically 

affect human Viperin’s antiviral activity against HCV 396, DENV 407 and Tick-borne encephalitis 

virus (TBEV) 408. In contrast, deletion of the N-terminal domain resulted in loss of Viperin’s ability 

to inhibit Porcine reproductive and respiratory syndrome virus (PRRSV) 409, Zika virus (ZIKV) 410 or 

CHIKV replication 411. It is noteworthy that, in the latter study, the N-terminal domain was even 

found to be sufficient to inhibit viral replication 411. Interestingly, for TBEV, the Δ50-Viperin mutant 

reduced TBEV replication in a similar manner to WT Viperin at an early time point of infection (5h), 

but it was not as effective during a later time point (24h), suggesting that it is mainly involved in the 

long-term antiviral activity of Viperin 408. The importance of N-terminus in Viperin’s antiviral 

activity is likely due to its essential role in determining intracellular localization and may also depend 

on the virus replication site: for instance, TBEV and CHIKV replications both occur in proximity to 

the ER 408,411. 

In fish. In fish, in silico analysis and computational modeling show that the N-terminal sequences 

from fish Viperin lack the leucine-zipper motif but display similar physico-chemical properties, 

suggesting the existence of an amphipathic α-helix in fish too 396,401,402,412 (Figure 16). Of note, it was 

also shown that the N-terminal domain drives the ER-associated localization of Crucian carp 

CaViperin and Gibel carp (Carassius gibelo) CgViperins 402,413. 
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Figure 16: Characteristics of N-terminal amphipathic α-helices of Viperin proteins from vertebrates 

(A) Physico-chemical properties responsible for the amphipathic nature of the predicted α-helices from Viperin proteins 

indicated in Figure 15. (B) Corresponding helical wheel projections obtained using Heliquest. 

3. 2. 2. Radical SAM central domain 

The radical SAM central domain contains four conserved sequence motifs (motifs I to IV) associated 

with the radical SAM superfamily 140,388 (Figure 17). In particular, motif I, previously called MoaA 

motif, corresponds to the canonical CX3CX2C sequence, characteristic of the radical SAM 

superfamily and responsible for binding the [4Fe-4S] cluster required for its enzymatic activity 388. 

Although this motif had been described since the first characterization of Viperin 140,385, the radical 

SAM enzymatic activity of Viperin was only demonstrated a decade later 414,415 and its substrate was 

only recently identified 150 (see Section 3. 3 for more details). Interestingly, this radical SAM motif 

is included into another motif NΦHX4CX3CX2CF (Φ being either W, Y or F), which has recently 

been identified as a marker of 3′-deoxy-3′,4′-didehydro-nucleoside triphosphate (ddhNTP) 

synthases 416. ddhNTP synthases together constitute a novel subfamily within the radical SAM 

superfamily 416. The crystal structure of Viperin further revealed that this central domain adopts a 

canonical “partial β-barrel” (βα)6 fold, that is shared between other radical SAM enzymes 394 (Figure 

15C,D). 

The importance of this radical SAM motif in Viperin’s antiviral action has been widely demonstrated 

in several studies: in particular, mutations of the cysteine residues in motif I and other motifs were 

shown to abolish the antiviral activity of Viperin against most viruses, including HCV 396, CHIKV 411, 

TBEV 408, among others. In contrast, mutational studies showed that a catalytically active radical 
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SAM domain was dispensable for the antiviral activity of Viperin against DENV 407 and ZIKV 410. 

Similarly, the truncation of the radical SAM domain from Japanese seabass (Lateolabrax japonicus) 

LjViperin did not affect its ability to inhibit VHSV 417. 

 

Figure 17: Sequence alignment of a portion of the radical SAM domains of Viperin proteins from vertebrates and 

lower eukaryotes 

The sequences used were taken from protein sequences indicated in Figure 15. Radical SAM motifs I-IV were taken 

from Boudinot et al. (1999) and Jiang et al. (2008) 140,396. The three cysteines (motif I) binding the redox-active [4Fe-4S] 

cluster are highlighted in pink; the ddhNTP synthase motif is indicated in purple. Conserved residues identified by 

Boudinot et al. (1999) are highlighted in yellow. 

3. 2. 3. Conserved C-terminal domain 

The C-terminal domain of Viperin is highly conserved among vertebrate and non-vertebrate 

species 395,401,402 but its precise function has not been completely elucidated yet. 

In mammals. It was initially speculated that this domain was involved in protein-protein interactions 

and/or substrate recognition 418. This hypothesis was later proven correct by crystallographic studies: 

it was observed that in the absence of a substrate, the C-terminal tail (extreme 25 residues) of Viperin 

was disordered (Figure 15D); in contrast, binding to CTP leads to ordering of the C-terminal tail that 

forms a cap over the top of the catalytic site. The ordered C-terminal tail bound to CTP is composed 

of two short α-helices framing an 8 aa P-loop, that participate in binding the triphosphate moiety of 

CTP 394,400. 

The importance of the C-terminal domain in the antiviral action of mammalian Viperin has also been 

established by several studies: indeed, sequential deletions of this resulted in loss of Viperin’s 

antiviral action against HCV 396,404, DENV 407, TBEV 408 and ZIKV 410, among others. Interestingly, 

Radical SAM motif       Motif I                                  Motif II        

                    ■■■■■■■■■■■■■■■■                            ■■■■■■■■■■       

HsVip-RadSAM        NYHFTRQCNYKCGFCFHTAKT-SFVLPLEEAKRGLLLL-KEAGMEKINFSGGEPFLQDRG 

GgVip-RadSAM        NYHFTRQCNYKCGFCFHTAKT-SFVLPLEEAKRGLAML-KEAGMEKINFSGGEPFLQDRG 

XtVip-RadSAM        NYHFTRQCNYKCGFCFHTAKT-SFVLPIEEAKRGLTML-KAAGMEKINFSGGEPFLQERG 

DrVip-RadSAM        NYHFTRQCNYKCGFCFHTAKT-SFVLPIEEAKRGLRLL-KEAGMEKINFSGGEPFVHQKG 

PpVip-RadSAM        NYHFTRQCNYKCGFCFHTAKT-SFVLPIEEAKRGLRLL-KEAGMEKINFSGGEPFLHERG 

OmVip1a-RadSAM      NYHFTRQCNYKCGFCFHTAKT-SFVLPIEEAKRGLQLL-KESGLEKINFSGGEPFIHDRG 

OmVip1b-RadSAM      ------------------------------------------------------------ 

OmVip2-RadSAM       NYHFTRQCNYKCGFCFHTAKT-SFVLPIEEAKRGLQLL-KQSGLEKMNFSGGEPFLQDRG 

TrVip-RadSAM        NYHFTRKCNYKCGFCFHTAKT-SFVLPLEEAKRGLELL-KDAGMEKINFSGGEPFLHEKG 

TvaVip-RadSAM       NIHYLRSCNYHCKFCFHRGIENSSTLKLEEWHKIIDTIAKSGLVKRINFAGGEPFMLRK- 

TviVip-RadSAM       NYHFSRKCNKECLFCFHTATT-SHVEKPENAKRGLTLL-KQAGMKKINFAGGEPFLYP-- 

                    * *: *.** .* **** .   * .   *: :: :  : * . ::::**:*****:     

                                     Motif III                Motif IV 

                                      ■■■■■■■■                ■■■■■■■■ 

HsVip-RadSAM        EYLGKLVRFCKVELRLPSVSIVSNGSLIRERWFQNYGEYLDILAISCDSFDEEVNVLIGR 

GgVip-RadSAM        EFVGQLVQFCKEELKLPSVSIVSNGSLIRERWFKKYGEYLDILAISCDSFNEEVNVLIGR 

XtVip-RadSAM        HYVGKLVQFCKEELKLPSVSIVSNGSLITERWFKLYGEYLDILAVSCDSFNEDVNKLIGR 

DrVip-RadSAM        SFLGELVLYCKQELQLPSVSIVSNGSLIRESWFQKYGDYLDILAISCDSFIEETNQLIGR 

PpVip-RadSAM        SFLGELVRYCKQELLLPSVSIVSNGSLIKESWFQKYGDYLDILAVSCDSFNEDTNKVIGR 

OmVip1a-RadSAM      DFLGKLVQYCKHDLQLPSVSIVSNGSMIREKWFQTYGEYLDILAISCDSFDEDTNQTIGR 

OmVip1b-RadSAM      ------------------HSLRDDVSFITK---TLLGEYQDILAISCDSFDKDTNQTFGR 

OmVip2-RadSAM       DFLGKLVQYCKQDLHLPSVSIVSNGSLIRERWFQKYGQYLDILAISCDSFDEDTNQTIGR 

TrVip-RadSAM        DFLGKLVQFCKQDLQLPSVSIVSNGSMIQERWFQKYGDYLDILAISCDSFNEDTNQLIGR 

TvaVip-RadSAM       -HIVDLIRYAKKS--GVEVSVITNASLLTENVFNLVKNDLDMLGVSCDSGNDEINKQIGR 

TviVip-RadSAM       KFLGEMIDFCKETLQLESVSIVTNGSLVKEQFLQKHGRNIDILAVSCDSFNEATNIKIGR 

                     .: .:: :.*      .**:::*.*:: *  ::     :*:*.:****  :  *  *** 
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the mutation of the extreme C-terminal tryptophane residue, which is conserved in all vertebrate 

Viperins, was enough to abolish Viperin’s antiviral activity 396,408. It was later shown that this residue 

is involved in binding the cellular proteins Cytosolic iron-sulfur assembly component (CIAO) 1 and 

CIAO2B, which are cytosolic Fe-S protein assembly factors required for the insertion of the [4Fe-

4S] cluster into Viperin 408,419. 

In fish. In fish, a recent study showed that the C-terminal domain of Japanese seabass LjViperin (but 

not the N-terminal or radical SAM domains) was required for Viperin to exert its antiviral action 

against VHSV 417. Similarly, C-terminal domain of gibel carp CgViperin-A and -B was indispensable 

for the colocalization with ORF46R of Crucian carp herpes virus (CaHV), suggesting that the C-

terminus of fish Viperin is also required for protein-protein interactions 413. 

3. 2. 4. Dimerization 

Human Viperin was also found to form dimers in vitro and upon overexpression HEK293T cells. 

Interestingly, dimerization was more pronounced in cellulo, suggesting that Viperin’s anchoring to 

the ER enhances this phenomenon 405. In fish, it was demonstrated via co-IP assays that Crucian carp 

CaViperin proteins were able to self-associate 402. Nonetheless, a clear role for Viperin’s dimerization 

has not been identified yet. 

3. 2. 5. Limits of mutational studies 

As mentioned above, several studies have sought to understand the function of each Viperin domain 

by generating truncated or mutated variants of Viperin. This approach was mainly based on the 

assumption that the domains function independently from one another. However, a growing body of 

evidence suggests that this is not the case: for instance, both radical SAM and C-terminal domains 

seem to be involved in CTP binding 400. In addition, mutations of the CX3CX2C motif into AX3AX2A 

were predicted to destabilize the whole protein structure due to the lack of the central [4Fe-4S] cluster, 

thereby introducing elements of bias 420. Therefore, the functions mentioned for each 

domain/extension in the previous paragraphs must be seen in this light. 

3. 3. Radical SAM activity of Viperin: substrates and products 

3. 3. 1. Radical SAM activity 

As mentioned above, the assumption that Viperin was a radical SAM enzyme was initially based on 

the presence of specific motifs commonly observed in other radical SAM enzymes in its primary 

sequence 140,387. 



 Introduction – Chapter 3  

 69 

The mechanism known for all radical SAM enzymes is based on one-electron reduction of SAM by 

the [4Fe-4S] cluster, leading to homolytic cleavage of the C-5′-S bond to form a highly reactive 5′-

Ado• radical and methionine (Figure 18). The 5′-Ado• radical subtracts a hydrogen atom from a 

substrate, thereby forming 5′-deoxyadenosine (5′-dA) and a substrate radical, which undergoes 

further chemical reaction, ultimately leading to product formation 421. The generation of 5′-dA is 

considered to be one of the hallmarks of radical SAM enzymes. 

 

Figure 18: Reaction mechanism of radical SAM enzymes 

Reductive cleavage of of SAM by the [4Fe-4S] cluster results in the generation of a 5′-deoxyadenosyl radical (5′-Ado•), 

which abstracts a hydrogen atom from the substrate (S-H) to from 5′-deoxyadenosine (5′-dA) and a substrate radical (S•). 

Adapted from Makins et al. (2016) 422. 

However, identification of radical SAM properties in Viperin has proved technically difficult for 

several reasons. Firstly, expressing recombinant full-length Viperin in a bacterial expression system 

such as E. coli has failed to work in the hands of several research teams 405,414,415. It was suggested 

the N-terminal domain required the presence of an ER membrane structure and/or specific chaperones 

to fold properly and in their absence, full-length Viperin was prone to misfolding and degradation 423. 

As a consequence, structural studies have been conducted on N-terminally deleted mutants (Viperin-

ΔNter). Secondly, the [4Fe-4S] clusters of radical SAM enzymes are air sensitive and require 

anaerobic conditions for all processes, from purification to downstream in vitro tests 421. 

The first biochemical evidence that Viperin was indeed a radical SAM enzyme came in 2010 by two 

different groups. Shaveta et al. provided the first evidence of the presence of a [4Fe–4S] cluster bound 

by Viperin-ΔNter under anaerobic conditions 415. Duschene & Broderick further demonstrated that 

Viperin-ΔNter was able to bind a [4Fe-4S] cluster in vitro and showed by High performance liquid 

chromatography (HPLC) analysis that it catalyzes the reductive cleavage of SAM resulting in the 

production of 5′-dA 414. Very recently, Patel et al. (2022) confirmed that full-length human Viperin, 

purified from transfected HEK293T cells using nanodiscs, was also catalytically active by measuring 

5′-dA production following incubation of Viperin with SAM, CTP and dithionite (reducing agent) 423. 

SAM

[4Fe-4S] 
cluster

5’-Ado•

5’-dA

Reductive 
cleavage of 
the C-5′–S 

Hydrogen 
abstraction from 
substrate (S)
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3. 3. 2. Identification of Viperin’s substrates 

Although Viperin was confirmed to be a radical SAM enzyme in 2010, the substrate involved in 

Viperin’s catalytic antiviral activity was only identified in 2018 by Gizzi et al. 150. Two main 

observations guided this identification: (1) Firstly, the viperin gene is found adjacent to the cytidine 

monophosphate kinase 2 (CMPK2) gene in the genomes of all vertebrate species 150,424. It was shown 

that CMPK2 encodes a mitochondria-located nucleoside kinase phosphorylating CDP/UDP into 

CTP/UTP 150. In mammals, both genes are induced during IFN stimulation, while in lower organisms, 

such as bacterium Lacinutrix mariniflava, these two genes are sometimes fused, suggesting a 

functional link 150. (2) Secondly, the crystal structure of mouse Viperin revealed that its catalytic site 

shares high structural similarity with the binding site of MOCS1 394, which is known for catalyzing 

the conversion of GTP into a cyclic nucleotide intermediate involved in molybdenum cofactor 

biosynthesis 425. Based on these observations, it was hypothesized that Viperin might use a nucleotide 

or a derivative as substrate 150,394. 

By testing the radical SAM activity of rat (Rattus norvegicus) Viperin against a diverse set of 

nucleotides and deoxynucleotides in vitro, CTP was identified as a substrate of Viperin. NMR and 

LC-MS analysis confirmed that rat Viperin was able to catalyze the conversion of CTP to 3′-deoxy-

3′,4′-didehydro-cytidine triphosphate (ddhCTP) 150. The proposed reaction is as follows: the 5′-Ado• 

radical generated from reductive cleavage of SAM abstracts a hydrogen atom from the 4′-carbon of 

CTP forming a substrate radical, which rearranges to ddhCTP. Isotope labeling further confirmed that 

the hydrogen atom from the 4′-carbon of CTP was transferred to 5′-dA during the enzymatic 

reaction 150 (Figure 19). Lacking the 3′- hydroxyl, ddhCTP was shown to act as a chain terminator 

for viral RNA-dependent RNA polymerases from several flaviviruses, including HCV, DENV, WNV 

and ZIKV 150. For more details see Section 5. 1. 1. 

 

 

Figure 19: Proposed mechanism for the generation of ddhCTP catalyzed by Viperin 

5'-deoxyadenosyl radical (5’-Ado) abstracts a hydrogen atom (in red) from the 4’-C on the ribose sugar of CTP, followed 

but the loss of the 3′-OH group (assisted by a protein side chain playing the role of a general acid) and resulting in 

resonance-stabilized radical-cation intermediate that is reduced by one electron to yield the ddhCTP product. Adapted 

from Grunkemeyer et al. (2021) 426. 
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Of note, it has been reported that mammalian Viperin can also produce ddhUTP from UTP, although 

at a much lower efficiency that the reaction with CTP due to structural specificities at the binding site 

400. In cellulo experiments confirmed that Viperin had a ~1000-fold preference for CTP over UTP as 

the substrate 416. 

3. 4. Evolution of Viperin 

3. 4. 1. Fish Viperin 

As mentioned above, Viperin is a highly conserved protein among with orthologs found throughout 

vertebrate species, including mammals, fish, birds, reptiles, and amphibians 396–399. In fish, a single 

copy is typically present in the genome of jawless fish (e.g. Sea lamprey, Petromyzon marinus, 

LOC116945135) cartilaginous fish (e.g. Great white shark, LOC121278311) as well as in teleost fish 

that have undergone a unique WGD event (teleost-specific 3R), such as diploid cyprinids (e.g. 

Crucian carp 427; zebrafish 399) and percomorph species (e.g. Mandarin fish 428, Nile tilapia 429; Orange 

spotted grouper 430). In salmonids, whose common ancestor have undergone an additional whole-

genome duplication event (salmonid-specific 4R), two or more viperin copies are located on distinct 

loci on different chromosomes. For instance, three paralogs are found in species belonging the genus 

Oncorhynchus, including rainbow trout, chinook salmon (O. tshawytscha), coho salmon (O. kisutch), 

sockeye salmon (O. nerka). Two of the three paralogs are tandemly arranged in head-to-tail 

orientation on the same chromosome, suggesting that they resulted from an independent tandem 

duplication event specific to the genus Oncorhynchus. A similar but not systematic pattern can be 

found in species belonging to the genus Salmo: three paralogs are present in the genome of Atlantic 

salmon, three of which are triplicated on Chr25; in contrast, the genome of brown trout (S. trutta) 

only comprises 2 viperin paralogs on distinct chromosomes (Figure 20). 

Interestingly, although Gizzi et al. (2018) claimed that the viperin gene is found adjacent to the cmpk2 

gene in the genomes of all vertebrate species 150, a few specificities can be found in salmonids 

concerning this aspect. While Gizzi’s statement is true for most fish viperin paralogs, the cmpk2 gene 

was only retained in one of the two paralogous regions duplicated in salmonids, which suggest that 

different sub-functionalizations might have occurred. 
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Figure 20: Syntheny of fish viperin genes 

Synteny analysis of viperin loci in human (Homo sapiens, LOC91543), zebrafish (Danio rerio, LOC570456), rainbow 

trout (Oncorhynchus mykiss, LOC100135876, LOC110504183, LOC110498119), brown trout (Salmo trutta, 

LOC115172835, LOC115162541) and Atlantic salmon (Salmo salar, LOC100195910, LOC123744592, 

LOC123744591, LOC106566099). The synteny was predicted using information extracted from recently released NCBI 

reference genomes. The viperin genes are colored in red. 

3. 4. 2. Viperin-like genes in all domains of life 

Interestingly, Viperin genes are not only found in the genome of vertebrate species: homologs have 

been identified in non-vertebrate animals, including Cephalochordata (e.g. Amphoxius, 

Branchiostoma japonicus 431) Cnidaria (e.g. sea anemone, Nematostella vectensis 432) and Mollusca 

(e.g. oyster, Crassostrea gigas 433). 

Besides the kingdom Animalia, bioinformatic analyses revealed that viperin-like genes are present 

across all the other kingdoms of life, including Fungi (e.g. Trichoderma virens, Thielavia terrestris), 

Protozoa (e.g. Trichomonas vaginalis), Plantae (e.g. green algae Chlamydomonas reinhardtii), 

Bacteria (e.g. Lacinutrix mariniflava, Shewanella baltica), and Archaea (e.g. Methanofollis 

liminatans) 394,416,434. These Viperin-like enzymes from lower eukaryotes and prokaryotes also 

comprise the central catalytic domain and the C-terminal extension but lack the vertebrate-specific 
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ER-associated domain and the final 15 C-terminal residues, which are conserved in vertebrates 394,434 

(Figure 15A). 

Recent studies have demonstrated that Viperin-like enzymes from Cnidaria, Fungi, Bacteria, and 

Archaea all operate through the same mechanism as mammalian Viperin, thereby classifying them as 

ddhNTP synthases 416,434,435. However distinct substrate preferences were reported for each Viperin: 

while sea anemone NvViperin preferentially utilized CTP as a subtrate (like mammalian Viperin), 

fungal TviViperin and TtViperin and bacterial SbViperin preferentially converted UTP into ddhUTP, 

and bacterial LmViperin converted GTP into ddhGTP 416,436. Generally speaking, most prokaryotic 

Viperins were found to produce a single ddhNTP (either ddhCTP, ddhGTP or ddhUTP) but a few of 

them could generate multiple ddhNTPs 435. Similarly to mammalian Viperin, it seems that non-

vertebrate Viperins are highly selective for their respective NTP substrates in vitro, even in presence 

of high concentrations of competing nucleotides 416. Nonetheless, the structural determinants 

responsible for the selective substrate recognition involve specific residues in the variable β-8 loop 

located in the C-terminal domain (309-321 aa in human Viperin) but cannot be easily predicted based 

on the primary sequence 416. Of note, a few studies have also reported that Viperin-like enzymes can 

utilize non-nucleotide substrates, including UDP-glucose 437 and isopentyl pyrophosphate 434, 

although these alternative substrates seem to be unable to outcompete nucleotides as substrates 416. 

Importantly, it was reported that prokaryotic Viperin-like proteins provided protection against T7 

phage infection upon expression in E. coli strains 435. In a similar fashion to their mammalian 

counterparts, they were capable of blocking T7 RNA polymerase-dependent transcription of a GFP 

reporter gene, likely because Viperin-generated ddhNTPs act as RNA chain terminators 435,438. It was 

proposed that Viperins were likely part of an ancient antiviral defense mechanism 151,435. 

4. Induction pathways and antiviral activity of Viperin 

4. 1. Constitutive expression and inducers 

In mammals. Mammalian Viperin is expressed at very low basal levels in most cell types but 

constitutive expression levels can be relatively high in some tissues, such as adipose tissue 439. 

Viperin’s expression is induced by a large variety of stressors, including stimulation with type I (α 

and β), II (γ) and III (λ) IFNs, dsDNA, poly I:C and infection with multiple viruses 387,418,440. 

Interestingly, Viperin expression can also be induced following LPS treatment 385,440 or bacterial 

infections, such as Gram-negative Salmonella typhimurium and intracellular Gram-positive Listeria 

monocytogenes, Shigella flexneri and Mycobacterium tuberculosis 440–442. Of note, it was reported 

that some cell lines, such as HeLa cells, failed to express Viperin regardless of the treatment 387,443,444. 
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Table III: Functions of Viperin described in fish 

Species Order Gene 

Cloned 

? 

Expression Antiviral/ 

bactericidal 

activity 

Mechanisms described References 
Constitutive Induced 

Crucian carp 

(Carassius 

auratus) 

Cypriniformes CaVip Yes  Induction upon UV-

inactivated GCHV 

stimulation 427, GCRV 

infection and poly(I:C) 

transfection 445 

Against 

GCRV 

Promoter activation upon poly(I:C), type I and 

II IFN, and overexpression of RLR and JAK-

STAT signaling molecules 445  

 

Cytoplasmic expression associated with ER, 

required Nter domain 402 

402,427,445 

Gibel carp 

(Carassius 

gibelio) 

Cypriniformes CgVip-A 

CgVip-B 

Yes Constitutive expression 

in most tissues 

CgVip-A: high 

expression in spleen and 

liver 

CgVip-B: high 

expression in gills 

 Against 

CaHV 

(interactions 

only, no 

evidence of 

reduced 

titers) 

Interaction with ORF46R protein from CaHV 

leading to the proteasomal and/or 

autophagosomal degradation of ORF46R 

 

Cytoplasmic expression associated with ER, 

required Nter domain 

413 

Zebrafish 

(Danio rerio) 

Cypriniformes DrVip No Constitutive expression 

on most tissues in adults 

and in larvae 

No verification that 

viperin is induced upon 

VHSV infection in 

zebrafish larvae 

Against 

VHSV 

Higher expression of immune genes (ifnφ1, 

ifnφ3, cmpk2, mpx) in the viperin-/- compared to 

WT at 48h post-infection with VHSV (due to 

higher replication?) 

 

Higher ROS production upon viperin 

overexpression 

 

Higher cholesterol production in VHSV-

infected viperin-/- larvae compared to WT 

399,446 

Fathead 

minnow 

(Pimephales 

promelas) 

Cypriniformes PpVip 

PpVip-sv1 

(lacking 

exon 5) 

Yes  Induction of PpVip upon 

poly(I:C) and SVCV 

infection 

Induction of PpVip-sv1 

only by SVCV and by the 

P protein 

Against 

SVCV 

(stronger 

antiviral 

activity of 

PpVip-sv1) 

Upregulation of immune genes following 

overexpression of PpVip-sv1 only (incl. IFN-1, 

MxA, PKR, RIG-I, IRF3, IRF7) 447 

 

Viperin-RIG-I interactions; Viperin-mediated 

enhancement of RIG-I stability at the protein 

level by increasing its half-life 448 

447,448 

Mandarin fish 

(Siniperca 

chuatsi) 

Perciformes ScVip Yes Low expression in 

spleen and HK 

Induction in all organs 

upon poly(I:C) and UV-

inactivated ISKNV in 

vivo 

 IFN-inductible via in silico promoter study 428 
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Red drum 

(Sciaenops 

ocellatus) 

Perciformes SoVip Yes Low expression in most 

tissues 

Induction in HK and liver 

upon poly(I:C) and 

Edwardsiella tarda but 

inhibition upon Listonella 

anguillarum, 

Streptococcus iniae 

infections in vivo and ex 

vivo in primary 

hepatocytes 

  449 

Nile tilapia 

(Oreochromis 

niloticus) 

Perciformes OnVip Yes  Induction mostly in 

kidney, liver, spleen upon 

poly(I:C) or LPS 

stimulation and 

Staphylococcus 

agalactide in vivo 

Against 

Vibrio 

vulnificus 

Modulation of immune genes following 

overexpression+Vibrio vulnificus infection: (not 

convincing): ↓ TLR9, TLR4; ↑ TNFa  

429 

Rock bream 

(Oplegnathus 

fasciatus) 

Perciformes OfVip Yes Low expression in most 

tissues 

Induction in kidney, liver, 

spleen upon 

megalocytivirus infection 

Against 

RBIV 

Subcellular redistribution upon RBIV infection 

Upregulation of immune genes in kidney 

following overexpression (incl. IL-8, IFN1, 

IFN2, ISG15, NKEF, lysozyme C, TRAF2) 

450 

Yellow croaker 

(Larimichthys 

crocea) 

Perciformes LcrVip Yes Low expression in most 

tissues 

Induction in blood, 

kidney, liver, spleen upon 

poly(I:C) stimulation 

 IFN-inductible via in silico promoter study 451 

Barramundi / 

Asian seabass 

(Lates 

calcarifer) 

Perciformes LcaVip Yes Ubiquitous expression 

in most tissues 

Induction in HK upon 

poly(I:C) stimulation and 

RGNNV infection 

  452 

Golden 

pompano 

(Trachinotus 

ovatus) 

Perciformes ToVip Yes Ubiquitous expression 

in most tissues 

Induction upon poly(I:C) 

stimulation, NNV and 

SIGV infections in TOPF 

cells and ex vivo in HK 

leukocytes 

Against 

SIGV (+) 

and NNV 

(++) 

Cytoplasmic localization 

 

Upregulation of immune genes in TOPF cells 

following overexpression (incl. IFNc, IRF3 and 

ISG15 IL-6) 

453 

Orange-spotted 

grouper 

(Epinephelus 

coioides) 

Perciformes EcVip Yes Low expression in most 

tissues 

Induction in GS cells 

upon Singaporean grouper 

iridovirus (SGIV) 

 Cytoplasmic expression and colocalization with 

the ER 

Modulation of immune genes following 

overexpression (↑IRF3, IRF7, ISG15, Mx, 

TNF-α and IL-6; ↓IL-1β) 

Increased activity of interferon and NF-κB 

promoters following overexpression 

430 
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Japanese 

seabass 

(Lateolabrax 

japonicus) 

Perciformes LjVip Yes  Induction in LJF cells 

upon type I (IFNc, IFNh) 

and type II (IFN-γ) IFN 

upon VHSV infection 

Induction in spleen upon 

VHSV infection 

Against 

VHSV 

IFN-dependent (via MAVS) and IFN-

independent (via IRF1) induction pathway 

C-ter domain needed to exert antiviral activity 

Viperin binds N and P proteins via RS domain 

and C-ter domain and interferes with 

dimerization (N-N and N-P) 

Promotes degradation of N and P though 

autophagy pathway 

 

417 

Redlip mullet 

(Liza 

haematocheila) 

Mugiliformes LhVip Yes Low expression in most 

tissues 

Induction in 

blood, HK, and spleen 

upon poly(I:C) 

stimulation 

Against 

VHSV 

Cytoplasmic expression and colocalization with 

the ER 

454 

Atlantic cod 

(Gadus morhua) 

Gadiformes GmVip No Low expression in most 

tissues 

Induction in isolated HK 

macrophages upon 

poly(I:C) stimulation 

  401 

Rockfish 

(Sebastes 

schlegelii) 

Scorpaeni-

formes 

SscVip Yes Low expression in all 

tissues 

Induction in blood and 

spleen upon poly(I:C), 

Streptococcus iniae, LPS 

Against 

VHSV 

Cytoplasmic expression and colocalization with 

the ER 

455 

Big-belly 

seahorse 

(Hippocampus 

abdominalis) 

Syngnathi-

formes 

HaVip Yes Low expression in all 

tissues 

Induction in blood, 

kidney, intestine upon 

stimulation with 

poly(I:C), LPS, 

Streptococcus iniae 

Against 

VHSV 

Cytoplasmic expression and colocalization with 

the ER 

412 

Rainbow trout 

(Oncorhynchus 

mykiss) 

Salmoni-

formes 

OmVip Yes Weak expression HK 

and spleen but not 

muscle 

 

No constitutive 

expression in RTS11 

and RTG-2 cells 

Induction in HK, muscle 

upon VHSV infection, 

VHSV G plasmid 

infection in vivo 

 

Induction in HK 

leukocytes infected ex 

vivo with VHSV, BPL-

inactivated VHSV, IPNV, 

medium with IFN-like 

activity 

 

Induction upon poly(I:C) 

stimulation and chum 

salmon reovirus (CSV) 

infection in RTS11 and 

RTG-2, and with IFN-

containing medium in 

RTS11 only 141 

 Cytoplasmic expression (indirect evidence) 

 

IFN-dependent and IFN-independent induction 

pathway 

140,141 
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In fish. Similarly in fish, several studies have reported that Viperin was constitutively expressed at 

low basal levels, both in vivo in most organs and in vitro in various fish cell lines, although the basal 

expression levels can greatly vary from organ/cell line to another (Table III). Most inducers 

described for mammals can also trigger Viperin expression in fish models, including type I and type 

II IFNs, poly(I:C), LPS as well as fish-specific viral and bacterial pathogens (Table III). 

4. 2. Transcriptional regulation of Viperin 

4. 2. 1. IFN-dependent and IFN-independent induction pathway 

In both mammals and fish, early experimental work using anti-IFN antibodies and/or cycloheximide 

(inhibitor of de novo protein synthesis blocking IFNs translation and signaling) treatment identified 

that induction of Viperin could occur through two main pathways upon stimulation: an IFN-

dependent pathway and an IFN-independent pathway 140,141,385. The activation of both pathways 

appeared to be inducer-dependent: for instance, in mammals, it was reported that VSV and JEV could 

directly trigger the expression of Viperin in a IFN-independent manner, contrary to pseudorabies 

virus, Sindbis virus, Sendai virus, which required a functional IFN pathway to induce 

Viperin 385,456,457. In mammals, LPS and poly(I:C) also induced Viperin through an IFN-mediated 

pathway in BMDMs 457. In fish models, VHSV infection and to a lesser extent poly(I:C) led to direct 

induction of Viperin without the need for protein intermediates 140,141. To add another layer of 

complexity, this response also seems to be cell type-dependent: indeed, while Viperin could be 

induced by Chum salmon virus (CSV) in an IFN/replication-independent manner in RTS11, it was 

not the case in RTG-2 141. 

4. 2. 2. Molecular basis of Viperin transcriptional regulation 

Mechanistically, these two induction pathways are closely linked to the promoter of the Viperin gene. 

In mammals. The transcription of the Viperin gene is regulated via transcription factor binding sites 

in the promoter region, which include two ISRE sites immediately upstream of the transcription start 

site, three IRF-binding elements (IRF-E) and an AP-1 binding site in humans 395,456,458 (Figure 21). 

It was later shown thar IFN-mediated induction of Viperin occurred through ISRE sites via binding 

of the canonical ISGF3 complex 456,457. In contrast, JEV-mediated induction of Viperin was reported 

to be directly regulated by the transcription factors IRF3 and AP-1 456. In case of IFN-γ stimulation 

and VSV infection, it was shown that induction of Viperin mainly relies on IRF1, which binds to the 

two proximal IRF-E of the murine Viperin promoter 459. 
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Figure 21: Promoter region and transcriptional regulation of the human Viperin gene 

Figure adapted from Rivera-Serrano et al. (2020) 395. 

In fish. In fish, in silico studies of the promoters of the viperin gene from Mandarin fish, Crucian 

carp, Yellow croaker and zebrafish also revealed the presence of several putative ISRE and IRF-

E 428,445,451. Using CaViperin promoter-driven reporter gene, it was shown that the promoter of 

CaViperin was activated following overexpression of RLR signaling molecules as well as 

components of the JAK-STAT signaling pathways (IRF9, STAT2). Consistently, blockade of IRF3 

and IRF7 inhibited induction of viperin upon poly(I:C) treatment, confirming that induction of fish 

Viperin can occur through the canonical type I IFN signaling cascade 445. Recently, it was also 

demonstrated using ChIP assay that IRF9 and IRF1 could directly bind to Japanese seabass LjViperin 

promoter, suggesting that IFN-dependent and IFN-independent induction pathways are conserved 

between fish and mammals 417. 

4. 3. Subcellular localization of Viperin 

In mammals. Mammalian Viperin resides in cytoplasm and is localized to the cytoplasmic face of 

the ER under physiological conditions 387,444. It was demonstrated that mammalian Viperin is 

anchored into the ER membrane via its N-terminal amphipathic α-helix and that deletion of this N-

terminal domain resulted in the accumulation of Viperin in the cytosol 404,405. Viperin was also found 

to localize to mitochondria-associated ER membranes (MAM) 460 and to the surface of lipid droplets 

via its N-terminal amphipathic α-helix 404,406. The localization of Viperin to lipid droplets has been 

associated with its ability to bind to viral proteins during infection and to recruit innate immune 

signaling components, as discussed in Section 5. 2. 1 404,406,440. Interestingly, the localization of 

mammalian Viperin can shift upon viral infection: for instance, it was observed that HCMV infection 

caused redistribution of Viperin protein from cytosolic face to the Golgi apparatus and to cytoplasmic 

vacuoles 387. Similarly, it was shown the viral mitochondrial inhibitor of apoptosis (vMIA) from 

HCMV interacts with Viperin, resulting in its relocalization to the mitochondria 461. Implications of 

this subcellular redistribution as a viral subversion strategy to favor HCMV infection will be 

discussed in Section 6. 2. 3. 
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In fish. In fish, Boudinot et al. (1999) provided the first indirect evidence that rainbow trout 

OmViperin had a cytoplasmic localization 140. Using GFP fusion proteins, it was later confirmed that 

crucian carp CaViperin, bigbelly seahorse (Hippocampus abdominalis) HaViperin, grouper 

EcViperin, rock fish (Sebastes schlegelii) SscViperin, redlip mullet (Liza haematocheila) LhViperin 

were cytoplasmic proteins and colocalized with ER 402,412,430,454,455. Furthermore, construction of 

mutants CaViperins and CgViperins demonstrated that N-terminal amphipathic alpha-helix (1-74) 

was responsible of ER-localization of Crucian carp and Gibel carp Viperins 402,413. Zhang et al. (2014) 

also provided preliminary evidence that viral infections can alter the subcellular localization of fish 

Viperin; in particular, they observed that megalocytivirus infection induced dissociation of rock 

bream (Oplegnathus fasciatus) OfViperin from the ER 450.  

4. 4. Viperin’s antiviral activity 

4. 4. 1. In mammals 

In mammals, numerous studies using both overexpression of knockdown/knockout approaches have 

reported that Viperin was able to inhibit a broad spectrum of DNA and RNA viruses, as recently 

summarized by two excellent reviews 151,395. Viperin-sensitive viruses include positive sense ssRNA 

viruses, including flaviviruses (HCV, WNV, ZIKV, DENV) and alphaviruses (Sindbis, CHIKV); 

negative sense ssRNA viruses, such as orthomyxoviruses (influenza A), rhabdoviruses (rabies, VSV), 

paramyxoviruses (measles, Sendai); and DNA viruses, including herpesviruses (HCMV, Herpes 

simplex 1) and retroviruses (HIV-1) 151. Nonetheless, Viperin’s capacity to inhibit viral replication 

can drastically differ from one virus to another: for instance, Viperin had no antiviral effects against 

flaviviruses JEV 456 and Yellow fever virus 462, as well as paramyxovirus Shaan Virus 463. The 

potential underlying mechanisms will be discussed in Section 5. 

4. 4. 2. In fish 

In fish, studies focusing on the antiviral activity of Viperin are relatively recent and have been 

published over the past 10 years only (Table IV). The vast majority of these studies are based on 

overexpression approaches in diverse fish cell lines. Fish Viperins were reported to inhibit the 

replication and/or viral titers of positive-strand sRNA viruses, such as nodaviruses (NNV 453); 

negative-strand RNA viruses, such as rhabdoviruses (e.g. VHSV 412,417,454,455, SVCV 447,448), dsRNA 

viruses, such as GCRV 402, as well as DNA viruses including iridoviruses (Rock bream iridovirus 

C1 450, SGIV 430,453). 
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Table IV: Antiviral activity of fish Viperin 

Species Gene Cells Virus 
Virus family, genus and 

type 
Method used Antiviral effect Hypothetical mode of action References 

Overexpression 

Rock bream 

(Oplegnathus 

fasciatus) 

OfVip 

GF 

Whole 

organism: 

rock bream 

muscle 

Rock bream 

iridovirus 
(RBIV-C1) 

Iridoviridae 

Megalocytivirus 

dsDNA, non-enveloped 

Overexpression in GF 

cells following by 

infection 

Overexpression in 

vivo followed by 

infection 

Lower viral copies in GF 

cells (~0.5-log) and in 

kidney (~0.5-log) 

Upregulation of immune genes 

in kidney following 

overexpression (incl. IFN1, 

IFN2, ISG15, NKEF) 

450 

Orange-spotted 

grouper 

(Epinephelus 

coioides) 

EcVip GS 

Singaporean 

grouper 

iridovirus 

(SGIV) 

Iridoviridae 

Ranavirus 

dsDNA, non-enveloped 

Overexpression in GS 

cells followed by 

infection 

Reduced CPE 

Reduced expression of 

viral transcripts 

- Modulation of immune genes 

following overexpression 

(↑IRF3, IRF7, ISG15, Mx, TNF-

α and IL-6; ↓IL-1β) 

- Increased activity of interferon 

and NF-κB promoters following 

overexpression 

430 

Golden 

pompano 

(Trachinotus 

ovatus) 

ToVip TOPF 

Singaporean 

grouper 

iridovirus 

(SGIV) 

Iridoviridae 

Ranavirus 

dsDNA, non-enveloped Overexpression in 

MKD cells followed 

by infection 

Reduced CPE 

Reduced viral titers (~1-

log) 

Upregulation of immune genes 

following overexpression (incl. 

IFNc, IRF3 and ISG15 IL-6) 

453 

Nervous 

Necrosis 

Virus (NNV) 

Nodaviridae 

Betanodavirus 

(+)-ssRNA, non-

enveloped 

Crucian carp 

(Carassius 

auratus) 

CaVip CAB 

Grass Carp 

Reovirus 

(GCRV) 

Reoviridae 

Aquareovirus 

dsRNA, non-enveloped 

Overexpression in 

CAB cells followed 

by infection 

Reduced CPE 

Reduced viral titer (1-log) 
 445 

Big-belly 

seahorse 

(Hippocampus 

abdominalis) 

HaVip FHM 

Viral 

Hemorrhagic 

Septicemia 

Virus (VHSV) 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Overexpression in 

FHM cells followed 

by infection 

Reduced expression of N 

transcripts 
 412 

Rockfish 

(Sebastes 

schlegelii) 

SsVip FHM VHSV 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Overexpression in 

FHM cells followed 

by infection 

Reduced viral titer (~1-log) 

Reduced amount of N, P, 

G, RdPp transcripts 

 455 

Redlip mullet 

(Liza 

haematocheila) 

LhVip MKD VHSV 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Overexpression in 

MKD cells followed 

by infection 

Reduced viral titer (<1-log) 

Reduced expression of 

viral transcripts 

 454 

Japanese 

seabass 

(Lateolabrax 

japonicus) 

LjVip LJF VHSV 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Overexpression in 

LJF cells followed by 

infection 

Reduced CPE 

Reduced expression of N, 

P, M, G, NV and L 

transcripts 

- C-ter domain needed to exert 

antiviral activity 

- Viperin binds N and P proteins 

via RS domain and C-ter domain 

417 
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Reduced expression of G 

protein 

and interferes with dimerization 

(N-N and N-P) 

- Promotes degradation of N and 

P though autophagy pathway 

- N limits expression of Viperin 

by promoting proteasomal 

degradation of IRF1 and IRF9 

Fathead minnow 

(Pimephales 

promelas) 

PpVip FHM 

Spring 

Viremia of 

Carp Virus 

(SVCV) 

Rhabdoviridae 

Vesiculovirus 

(-)-ssRNA, enveloped 

Overexpression of 

PpVip and PpVip-sv1 

(lacking exon 5) in 

FHM cells followed 

by infection 

Reduced expression of G 

transcripts, M and G 

proteins (but more potent 

inhibitory effect of PpVip-

sv1) 

 

Lower viral titers (for 

PpVip-sv1) 

- Upregulation of immune genes 

following overexpression of 

PpVip-sv1 only (incl. IFN-1, 

MxA, PKR, RIG-I, IRF3, IRF7) 

- Viperin-RIG-I interactions; 

Viperin-mediated enhancement 

of RIG-I stability at the protein 

level by increasing its half-life 
448 

- N promotes the degradation of 

Viperin-sv1 via proteasomal 

pathway 

447,448,464 

Nile tilapia 

(Oreochromis 

niloticus) 

OnVip 

Whole 

organism: 

zebrafish 

muscle 

Vibrio 

vulnificus 
Gram-negative 

Electroporation of 

viperin plasmid into 

zebrafish muscle 

followed by infection 

Reduced bacterial loads 

(CFU/g muscle) of V. 

vulnificus 

No differences between vector 

and viperin only; modulation of 

immune genes following 

infection (no convincing): ↓ 

TLR9, TLR4; ↑ TNFa  

429 

Knockdown / Knockout 

Zebrafish 

(Danio rerio) 
DrVip 

Whole 

organism 

Viral 

Hemorrhagic 

Septicemia 

Virus (VHSV) 

Rhabdoviridae 

Novirhabdovirus 

(-)-ssRNA, enveloped 

Injection of VHSV 

into the yolk of WT or 

viperin-/- larvae 

Caudal fin injury 

followed by VHSV 

infection by bath 

- Higher fluorescence in 

the yolk (injection exp) and 

in the caudal fin (bath exp) 

of viperin-/- larvae at 2-3dpi 

- Higher expression of NP 

transcripts at 2-9dpi 

- Higher VHSV copy 

number at 3-5dpi but no 

differences at 7-9dpi 

- Higher titers (1-log) at 

48hpi 

- Lower survival of viperin-

/- larvae 

- Higher expression of immune 

genes (ifnφ1, ifnφ3, cmpk2, mpx) 

in the viperin-/- compared to WT 

at 48hpi (due to higher 

replication?) 

- Higher ROS production upon 

viperin overexpression 

- Higher cholesterol production 

in VHSV-infected viperin-/- 

larvae compared to WT 

399,446 
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Interestingly, Wang et al. (2019) have recently reported that FHM cells expressed two splice variants 

of Viperin upon SVCV infection: a full-length variant and a splicing variant (named Viperin_sv1) 

lacking exon 5 and resulting in a 11-aa deletion in the C-terminal region. Overexpression of both 

variants in FHM cells subsequently infected with SVCV showed that PpViperin_sv1 had a stronger 

inhibitory effect on the transcription of viral genes and on virus titers in the supernatant compared to 

full-length Viperin 447, suggesting that different variants may have distinct antiviral effects. 

Only one study used a knockout approach to investigate the antiviral activity of fish Viperin: it was 

reported that viperin-/- zebrafish larvae infected with rVHSV-ΔNV-EGFP displayed a higher GFP 

signal and a 10-fold increase in VHSV titer compared to WT larvae (1.6 x 107 vs 2.8 x 106 

TCID50/mL) 399,446. 

4. 4. 3. Viperin’s antibacterial activity? 

A few studies in both mammalian and fish models provide evidence that Viperin can restrict bacterial 

infections: for instance, overexpression of WT Viperin but not catalytically inactive mutants limited 

intracellular bacterial loads in HEK293T and HeLa cells infected with intracellular bacteria Shigella 

flexneri and Listeria monocytogenes, while S. flexneri infection was enhanced in Viperin-/- MEFs and 

upon knockdown in Huh7 cells 441. Similarly, one study also provides evidence that Nile tilapia 

OnViperin is able to limit Vibrio vulnificus infection in fish 429. 

5. Underlying molecular mechanisms of Viperin’s antiviral action 

The wide array of viruses against which Viperin has an antiviral action has made it difficult to identify 

the underlying molecular mechanisms explaining its antiviral properties. Broadly speaking, Viperin’s 

antiviral mechanisms of action can be classified into two categories: (1) a direct antiviral action by 

targeting the viral components and (2) an indirect antiviral action relying on interactions with the host 

proteins to modulate specific pathways required during viral replication cycles (Figure 22). 

5. 1. Direct antiviral mechanisms 

5. 1. 1. Enzymatic activity 

5. 1. 1. 1. Chain terminator ddhCTP 

In mammals. Although it was shown early on that Viperin had to be catalytically active to exert its 

antiviral action 396,408,461, it was only recently discovered that Viperin was able to catalyze the 

conversion of CTP into ddhCTP via a SAM-dependent radical mechanism 150 (for more details on the 

generation of ddhCTP, refer to Section 3. 3. 2). Biochemical studies further showed that ddhCTP 



 Introduction – Chapter 3  

 83 

could be used as a substrate by viral RNA-dependent RNA polymerases (RdRp) from flaviviruses 

DENV, WNV, HCV and ZIKV and picornavirus human rhinovirus type C (HRV-C) and inhibited 

further RNA synthesis 150. Molecularly, the absence of 3′-hydroxyl group (Figure 19) precludes 

further nucleotide incorporation into the nascent strand of viral RNA, thereby acting as a chain 

terminator. It was reported that ddhCTP blocked viral RNA synthesis even in presence of competing 

CTP for several RdRp from flaviviruses, including DENV and WNV. Curiously, the RNA-dependent 

RNA polymerases from picornavirus HRV-C and poliovirus RdRp were poorly inhibited by ddhCTP 

in presence of competing NTPs 150, suggesting the existence of circumvention strategies implemented 

by these viruses. 

In cellulo, HEK293T overexpressing recombinant Viperin and IFN-α stimulated macrophages 

expressing high levels of endogenous Viperin could produce intracellular ddhCTP. Furthermore, 

pretreatment of Vero cells with pro-drug ddhC nucleoside, which can be converted into ddhCTP by 

host kinases, resulted in a dose-dependent reduction in ZIKV virus titers 150. 

In fish. In fish, no studies have investigated the generation of ddhCTP by Viperin, presumably 

because of the technical difficulties associated with this type of enzymology-based experiments (e.g. 

anaerobic conditions for in vitro experiments with recombinant Viperin). 

5. 1. 1. 2. Cooperation of Viperin with CMPK2 

Gizzi et al. (2018) have demonstrated that Viperin cooperates with CMPK2 to produce higher levels 

of ddhCTP 150. Indeed, CMPK2 was reported to be cotranscribed with Viperin upon type I IFN 

stimulation 424. Furthermore, cotransfections of Viperin- and CMPK2-encoding plasmids resulted in 

a ~4-fold increase in the amount of ddhCTP in HEK293 cells 150. Because CMPK2 converts CDP and 

UDP into CTP and UTP, respectively, it was suggested that CMPK2 increases the local concentration 

of CTP that is subsequently converted into ddhCTP by Viperin, thereby enhancing its antiviral 

action 150. 

5. 1. 1. 3. Does ddhCTP affect the host transcription arsenal? 

One question that arises is whether ddhCTP is toxic to host cells. It was initially reported that, 

although mammalian Viperin-generated ddhCTP was capable of inhibiting viral polymerase-

dependent transcription, it had no detectable negative effect on the growth rate or viability of 

HEK293T or Vero cells 150. Importantly, it was also demonstrated that human Viperin inhibited the 

transcription of a reporter gene by bacteriophage T7 polymerase expressed in mammalian cells but 

did not inhibit host RNA polymerase II–dependent transcription of a reporter gene under a 

cytomegalovirus promoter, highlighting the specificity of Viperin for some polymerases 438. More 

recently, it was further confirmed that Viperin overexpression in 293T cells had no significant effect 
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on global cellular transcription 465. Similarly, Bernheim et al. (2021) reported that ddhNTPs generated 

by prokaryotic Viperins were capable of restricting phage replication, but had no effect on the 

viability of the bacteria 435. Based on these observations, it was suggested that Viperin-expressing 

organisms were unaffected by the action of the Viperin-generated ddhNTPs in two different ways: 

(1) the host nucleic acid polymerases are not sensitive to ddhNTPs, or (2) they possess other 

protective mechanisms to inhibit incorporation of ddhNTPs or excise them during RNA synthesis 

150,416. Nonetheless, it was recently discussed that the mitochondrial RNA polymerase was structurally 

most closely related to bacteriophage T7 polymerase, lacked proofreading function 466 and could 

therefore be more susceptible to ddhCTP misincorporation compared to their nuclear counterparts 467. 

The authors raised the question whether ddhCTP might act as a regulator of mitochondrial RNA 

transcription. More studies are needed to understand why host cells do not seem to be affected by 

Viperin-generated ddhCTP and to identify whether it regulates mitochondrial RNA transcription 467. 

5. 1. 1. 4. Controversy: is ddhCTP really a chain terminator? 

There is currently some controversy as to whether ddhCTP is indeed a chain terminator for RdRps 

Indeed, Ebrahimi et al. (2020) recently argued that ddhCTP does not exert its antiviral action by 

acting as a viral replication chain terminator. This statement is based on the re-evaluation of published 

datasets from Gizzi et al. (2018) 150 and on calculating IC50 of ddhCTP competing with CTP, which 

appears to be at least 400-fold larger than those reported for antiviral nucleotide analogs. The authors 

concluded that ddhCTP may not act as an effective chain terminator under physiologically relevant 

conditions but provide evidence that it may affect mitochondrial metabolism 468 (for more details, see 

Section 7. 2). However, this proposition was also met with skepticism: it was argued that even low 

misincorporation of ddhCTP into viral RNA would effectively inhibit viral replication, as viral 

genomes contain thousands of cytidine nucleotides 151. Furthermore, how modulation of 

mitochondrial metabolism is involved in Viperin’s antiviral activity is still unclear. 

5. 1. 1. 5. An alternative role of ddhCTP: inhibition of protein translation? 

An alternative role of ddhCTP has recently been proposed by Hsu et al. (2022) 465. This proposition 

stems from the observation that Viperin overexpression resulted in inhibition of host translation via 

a mechanism requiring its catalytic activity 465. Mechanistically, it was demonstrated that Viperin-

generated ddhCTP triggers ribosome collisions, leading to the activation of the GCN2 arm of the 

integrated stress response, ultimately resulting in inhibition of protein translation. In a context of viral 

infection, it was further shown that GCN2-mediated translational shutoff initiated by prodrug ddhC 

(which crosses the plasma membrane and is metabolized into ddhCTP in the cytosol) restricted WNV 
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infection by limiting viral protein synthesis 465. However, the mechanisms by which ddhCTP initiates 

ribosome collisions are still elusive and would require further study. 

 

Figure 22: Overview of mammalian Viperin’s mechanisms of action during viral infection and under non-

pathological conditions 

Viperin localizes on the cytosolic face of the endoplasmic reticulum (ER), to lipid droplets (LDs) and to mitochondria-

associated ER membranes (MAM). It exerts its biological functions via different mechanisms numbered from 1 to 8; 

numbers in a red box represent antiviral mechanisms, while numbers in a blue-red box represent mechanisms described 

for Viperin in a context of infection and/or under in vitro conditions and/or in a non-pathological context. (1) Enzymatic 

activity. Viperin catalyzes the conversion of CMPK2-generated CTP to ddhCTP (via a radical SAM mechanism), which 

acts as a chain terminator for some specific viral RdRps. (2) Direct interactions with viral proteins. Viperin is able to 

bind viral proteins and to promote their degradation through the ubiquitin-dependent proteasomal pathway. (3) 

Interactions with adaptor proteins from innate immune signaling pathways. Viperin interacts with protein kinase 

IRAK1 and E3 ubiquitin ligase TRAF6 downstream ssRNA-sensing TLR7 and CpG DNA-sensing TLR9 in plasmacytoid 

dendritic cells, as well as with adaptor protein STING downstream cytosolic dsDNA-sensing cGAS pathway. Viperin 

also stabilizes dsRNA-sensing RIG-I, associates with its downstream adaptor protein MAVS and with peroxisomal 

PEX19 protein. This enhances downstream signaling pathways involving TBK1, IRF3, IRF7, resulting in induction of 

type I IFN, although the response may be cell-type dependent. (4) Modulation of the inflammatory response. Viperin 

modulates the inflammatory response in a cell-type dependent manner via unknown mechanisms. (5) Inhibition of 

translation initiation. Viperin-generated ddhCTP triggers ribosome collisions, leading to the activation of GCN2, 

ultimately resulting in inhibition of protein translation and induction of specific integrated stress reponse (ISR) genes. (6) 

Modulation of protein secretion. Viperin interferes with trafficking of soluble proteins via unknow mechanisms. (7) 

Inhibition of cholesterol biosynthesis. Viperin limits the activity of a pool of enzymes involved in cholesterol 

biosynthesis, including FPPS, squalene monooxygenase (SM) and lanosterol synthase (LS) by promoting their 

proteasome-mediated degradation (FPPS, SM) or directly inhibiting their catalytic activity (LS). Downregulation of 

cholesterol production limits the formation of lipid rafts, with are important for the budding of some enveloped viruses. 

Viperin also associates with other enzymes involved in lipid biosynthesis but their interactions have not been 

characterized yet. (8) Modulation of mitochondrial metabolism. Mitochondria-located Viperin alters mitochondrial 

metabolism by inhibiting the activity HADHB, the β-subunit of the trifunctional protein (TFP) complex involved in fatty 

acid β-oxidation, resulting in reduced ATP levels, enhanced lipogenesis, accumulation of lipid droplets and reduced 

thermogenesis. Viperin may also inhibit the catalytic activity of NAD+-dependent enzymes, involved in glycolysis and 

the TCA cycle.  
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5. 1. 2. Direct interactions with viral proteins 

In mammals. Although the production of ddhCTP provides a convincing explanation for some 

antiviral effects of Viperin, its antiviral activity cannot be entirely explained by it. For instance, it 

was reported for some viruses that Viperin mutants harboring a catalytically inactive radical SAM 

domain were still able to inhibit viral replication 407,410. In addition, ddhCTP is not an effective chain 

terminator for all RdRps (e.g. picornaviruses) 150. 

Several studies in mammalian models have reported that Viperin was able to bind viral proteins and 

to promote their degradation through the proteasomal pathway. For example, Panayiotou et al. (2018) 

showed that Viperin was capable of binding the NS3 protein from TBEV and ZIKV and to facilitate 

their degradation in a proteasome-dependent manner 462. Similarly, Viperin was found to interact with 

NS5A protein from HCV resulting in the proteasomal degradation of the viral protein in an 

independent manner from Viperin’s radical SAM activity 404,469,470. 

In fish. In fish, co-IP assays revealed that Viperin from different fish species was also able to interact 

with viral proteins. Gibel carp CgViperin-A and CgViperin-B were both found to interact with 

ORF46R of herpesvirus CaHV at the ER via their C-terminal domain and their overexpression led to 

the reduction of CaHV ORF46R protein independently from their catalytic activity 413. Using 

proteasome-, lysosome- and autophagosome-specific inhibitors, the authors showed that CgViperin-

A and CgViperin-B mediated ORF46R proteasomal degradation by suppressing K63-linked 

ubiquitination. In addition, CgViperin-B but not CgViperin-A also promoted the autophagic 

degradation of ORF46R 413. Another study showed that Asian seabass LjViperin could interact with 

the N and P proteins of VHSV and promote their degradation through the autophagic pathway 417. 

5. 2. Indirect antiviral mechanisms 

Besides a direct antiviral action by targeting viral replication and/or maturation, many studies have 

also shown that Viperin alleviates viral infection by enhancing innate immune signaling and by 

modulating metabolic pathways exploited during the viral life cycle. 

5. 2. 1. Interaction with cellular proteins involved in innate immune signaling 

5. 2. 1. 1. Viperin as a modulator of the type I IFN response 

In mammals. Several works on mammalian models have shown that Viperin may play a role in the 

regulation of the type I IFN response in a cell-type and inducer-dependent manner. 

It was initially described that mammalian Viperin was required for the production of type I IFN upon 

stimulation with heat-treated Newcastle disease virus (TLR7 agonist) and CpG DNA (TLR9 agonist) 
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in plasmacytoid dendritic cells 440 as well as upon stimulation with poly(dA:dT) (agonist of  dsDNA 

sensors) in MEFs 471. However, it was not involved in the production of type I IFN upon transfection 

or stimulation with poly(I:C) in MEFs 440 or BMDMs 472. In contrast, a recent study has reported a 

positive regulatory role of Viperin in the induction of IFN-β upon poly(I:C) stimulation and Sendai 

virus infection in MEFs 473. Opposite results were obtained in BMDMs, in which Viperin was found 

to act as a negative regulator of IFN-β induction upon poly(I:C) and 5’ppp-dsRNA transfection or 

treatment with type I IFN 460. It was suggested that these discrepancies could be explained by the 

differences in cell types, inducers and/or assays used 395. In line with this hypothesis, a recent study 

showed that Viperin differentially modulated the induction of ISGs in a cell type- and inducer-

dependent dependent manner: Viperin upregulated the expression of ISGs in BMDMs treated with 

type I and II IFNs, but opposite results were observed in MEFs. In contrast, Viperin potentiated the 

expression of ISGs in both BMDMs and MEFs stimulated with poly(I:C), CpG DNA, or 

cytomegalovirus 474. 

5. 2. 1. 2. Underlying mechanisms identified in mammals 

Interactions with IRAK1 and TRAF6. In plasmacytoid dendritic cells, Viperin is involved in the 

signaling pathways downstream ssRNA-sensing TLR7 and CpG DNA-sensing TLR9. It was found 

to recruit IRAK1 and E3 ubiquitin ligase TRAF6 to ER-derived LDs 440. Co-IP assays showed that 

IRAK1 binds both Viperin and TRAF6, which do not associate independently otherwise 475. 

Mechanistically, Viperin facilitates K63-linked polyubiquitination of IRAK1 by TRAF6, leading to 

IRF7 phosphorylation and subsequent induction of type I IFNs 440,475. Interestingly, the radical SAM 

activity of Viperin was not required in this process but the Fe-S cluster binding appeared to be 

necessary to stabilize Viperin. Altogether, it was proposed that Viperin primarily acts as a scaffold in 

this pathway, although binding to IRAK1 and TRAF6 curiously increased the catalytic activity of 

Viperin 475. 

Interactions with STING. Similar interactions have also been identified between Viperin and 

components of the cytosolic dsDNA-sensing cGAS-STING pathway 471. Indeed, it was recently 

reported that Viperin could bind STING upon stimulation with poly(dA:dT) resulting in enhanced 

activation of its target protein TBK1 by stimulating its K63-linked polyubiquitination via a yet 

unidentified E3 ubiquitin ligase in human cell lines and in MEFs 471. Subsequently, TBK1 

phosphorylates transcription factor IRF3, thereby inducing the expression of type I IFN genes. Similar 

to what has been observed for IRAK1 and TRAF6, co-expression of Viperin with STING and TBK1 

increased the catalytic activity of Viperin by 10-fold 471. 
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Viperin-mediated stability of RIG-I. Another study demonstrated via co-IP assays that Viperin 

interacts with several helicases, including the cytosolic dsRNA sensor RIG-I, in MEFs and that 

Viperin increases RIG-I protein levels but not mRNA expression levels in a radical SAM-dependent 

manner, suggesting that it might play a role in protein stabilization rather that gene induction 476. 

Mass spectroscopy analysis and mutational studies provide evidence that Viperin-mediated 

stabilization involved the oxidization of specific methionine residues on RIG-I resulting in enhanced 

IFN-β expression 476. However, no mechanism was proposed to explain how Viperin leads to 

methionine oxidization and this novel function of Viperin has been met with skepticism 151. 

Interactions with PEX19 and MAVS. Recently, peroxisomal biogenesis factor 19 (PEX19) was 

identified as a Viperin binding partner in mammalian cell lines 473. PEX19 is essential for early 

genesis of peroxisomes and acts as a chaperone to stabilize and shuttle newly synthetized peroxisomal 

membrane proteins from the ER to the peroxisome. It was further shown that PEX19-Viperin 

interaction drives the peroxisome to associate to lipid droplets, to localize in close proximity to 

mitochondria and to potentiate the expression of IFN-β 473. Furthermore, close association between 

Viperin and MAVS at the surface of LDs and mitochondria was identified by immunofluorescence 

microscopy. It was suggested that Viperin (in association with PEX19) acts as a chaperone and 

repositions the peroxisome to facilitate mitochondrial and peroxisomal MAVS-dependent activation 

by RLRs upon poly(I:C) stimulation and to enhance the type I IFN response 473. 

In macrophages, where Viperin may act as a negative regulator of type I IFN, MAM-located Viperin 

colocalizes and interacts with MAVS under physiological conditions 460. It was also observed that 

IRF3 phosphorylation, which ultimately results in type I IFN transcription, was enhanced in     

Viperin-/- BMDMs upon poly(I:C) transfection, suggesting that Viperin suppresses MAVS-

dependent signaling. However, mutational studies revealed that Viperin mutants that bind less 

effectively to MAVS, were better inhibitors of IFN-β promoter compared to WT Viperin. The authors 

hypothesized that Viperin-MAVS interactions affect IFN-β transcription via an indirect mechanism, 

possibly by sequestering Viperin and preventing it from performing its inhibitory function through 

other pathways 460. 

Overall, there is no consensus on the regulatory role of Viperin in the IFN response, which appears 

to be positive, negative or absent depending on the study, suggesting that complex underlying 

mechanisms are at play. 

5. 2. 1. 3. Role of Viperin in modulating the type I IFN response in fish 

In fish. In fish, several studies have reported that Viperin overexpression promoted the expression of 

specific ISGs 399,412,447,450,453 (Table III). Interestingly, Fathead minnow splicing variant 
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PpViperin_sv1 but not full-length PpViperin upregulated the transcription of ISGs, suggesting that 

the Viperin-mediated modulation of the type I IFN may be isoform-dependent 447. In any case, the 

underlying mechanisms are still poorly understood and only one study explored this question: in line 

with what has been found in mammalian models Gao et al. (2021) provide evidence that 

PpViperin_sv1 interacts with RIG-I and enhances its stability by increasing its half-life via a 

mechanism requiring its radical SAM domain 448. Whether this mechanism also exists for full length 

PpViperin is still unknown. 

5. 2. 2. Modulation of the inflammatory response by Viperin 

5. 2. 2. 1. Viperin as a modulator of the inflammatory response? 

In mammals. In a similar fashion to what has been described for Viperin’s role in the type I IFN 

response, there is no consensual view concerning the contribution of Viperin to the inflammatory 

response. Some studies have reported that Viperin acts as a positive regulator of the NF-κB and AP-

1 signaling pathway in T cells 477 and promotes the expression of pro-inflammatory cytokines in LPS-

stimulated microglia 478. In contrast, Saitoh et al. (2011) have shown that Viperin deficiency had no 

impact on the production of proinflammatory cytokines (CXCL10, TNF-α, IL-6, IL-1β) in dendritic 

cells and/or macrophages upon engagement of TLR2, TLR4, TLR7 and TLR9 440. In contrast, it was 

reported that the levels of secreted cytokines and macrophage markers were significantly higher in 

Viperin-/- polarized M1 and M2 macrophages compared to their WT counterparts, suggesting that 

Viperin acts as a negative regulator of the inflammatory response in macrophages 479. In line with 

these observations, another study recently shown that Viperin-/- dendritic cells produced higher 

amounts of NO and proinflammatory cytokines and chemokines, including IL-12, IL-6, TNFα, IL-

1β, CXCL1, CXCL2 and CXCL10 upon M. tuberculosis infection 442. Taken together, these findings 

suggest that Viperin’s contribution to the inflammatory response may also be cell type- and/or 

treatment-dependent. 

5. 2. 2. 2. Underlying mechanisms? 

The mechanisms by which Viperin may modulate the pro-inflammatory response remain largely 

unknown. In mammals, it was shown that Viperin promotes the activation of the TLR2/MyD88/NF-

κB signaling pathway upon LPS stimulation in microglia 478. In dendritic cells, Viperin suppressed 

the production of pro-inflammatory cytokines and chemokines during M. tuberculosis infection by 

inhibiting NF-κB p65 activation, although the exact mechanisms are still unknown 442. 

An potential mechanism involving balance between the catalytic activity of Viperin of CMPK2 has 

recently been suggested by Rivera-Serrano et al. (2020) 395. This proposition is based on the 



 Introduction – Chapter 3  

 90 

observation that the catalytic activity of nucleoside kinase CMPK2 (i.e. the generation of CTP) is 

essential for NLRP3 inflammasome activation 480. Because CTP is the preferential substrate for 

Viperin, it was hypothesized that CMPK2 and Viperin act as positive and negative regulators of the 

inflammatory response by increasing CTP production or consumption, respectively 395. However, this 

proposition is only speculative and would need further experimental investigation to be confirmed. 

5. 2. 2. 3. Role of Viperin in modulating the inflammatory response in fish 

In fish. Studies focusing on the role of Viperin in the regulation of the inflammatory response in a 

fish model are scarce. A few studies have reported the expression modulation of genes encoding pro-

inflammatory cytokines (including TNF-α, IL-6, IL-8, IL-1β) following overexpression of Viperin in 

fish cell lines or tissues 429,430,450,453. Similarly, overexpression of grouper EcViperin zebrafish 

DrViperin resulted in a higher activity of the NF-κB promoter 430 and increased higher ROS 

generation 446, respectively. However, as for mammals, the underlying mechanisms linking fish 

Viperin to the inflammatory response are yet to be elucidated. 

5. 2. 3. Cellular metabolic pathways exploited during the viral life cycle 

5. 2. 3. 1. Lipid and cholesterol biosynthesis 

In mammals. Early work showed that overexpression of Viperin was able to disrupt lipid rafts on the 

plasma membrane of HeLa cells, resulting in decreased membrane fluidity and limited budding of 

influenza A viral particles 444. Similar observations were made with other viruses, which utilize 

cholesterol-rich lipid rafts to bud from the host cell membrane, such as rabies virus in RAW264.7 

macrophages 481 and human immunodeficiency (HIV-1) in monocyte-derived macrophages 482. In 

addition, it was observed that overexpression of Viperin resulted in reduced cholesterol levels in 

several cell lines 426,441,481. 

Mechanistically, it was initially reported that Viperin reduced cholesterol production by binding to 

farnesyl-pyrophosphate synthase (FPPS), an enzyme involved in cholesterol synthesis, leading to 

reduced catalytic activity of the endogenous FPPS pool 444. It was later shown that Viperin does not 

affect the catalytic activity of FPPS per se but reduces the cellular levels of the enzyme via a C-

terminal domain-dependent but radical SAM activity-independent mechanism 422. Because FPPS 

mRNA levels were unaffected by Viperin expression, it was suggested that Viperin promoted FPPS 

degradation, likely via the proteasome pathway 422. More recently, an interactome study coupled with 

co-IP assays revealed that Viperin interacts with cholesterol biosynthetic enzymes distinct from FPPS 

(which was not found in the interactome), including squalene monooxygenase (SM) and lanosterol 

synthase (LS) by forming a ternary complex in cellulo 426. Further experiments showed that Viperin 
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inhibited the enzymatic activity of LS but not SM; however, it reduced the cellular levels of SM by 

∼30%, likely by increasing its rate of proteasomal degradation 426. However, whether the generation 

of ddhCTP by Viperin is needed to have an impact on the activity or the concentration of these 

enzymes remains to be elucidated. Of note, in addition to cholesterol biosynthetic enzymes, the 

interactome from Grunkemeyer et al. (2021) revealed other cellular proteins interacting with Viperin, 

including enzymes involved in membrane lipid metabolism, suggesting that Viperin may have an 

impact on lipid metabolism as a whole that may expand beyond its antiviral activity 426. The role of 

Viperin in lipid metabolism will be further discussed in Section 7. 1. 

In fish. In fish, only one recent study investigated the role of Viperin in cholesterol and lipid 

metabolism: Shanaka et al. (2023) provide preliminary evidence that viperin-/- zebrafish larvae 

display higher cholesterol amounts during VHSV infection than their WT counterparts 446. 

5. 2. 3. 2. Modulation of protein secretion 

In mammals. Besides cholesterol biosynthesis, a few studies point to a role of Viperin in the 

modulation of protein secretion 405,483. It was reported early on that Viperin overexpression slowed 

down the transport rate of soluble proteins but not membrane-associated proteins via a mechanism 

requiring its N-terminal α-helix domain 405. It was speculated that this function may contribute to 

Viperin’s antiviral effect by inhibiting the trafficking of soluble viral proteins and/or cellular proteins 

necessary for viral replication, although no experimental evidence was provided to support this 

hypothesis. Opposite results were recently reported in another study, in which the secretion of a 

reporter protein was reduced following Viperin knockdown and increased upon Viperin 

overexpression in ATDC5 cells 484. In addition, Viperin was shown to sequester cellular protein Golgi 

brefeldin A-resistant guanine nucleotide exchange factor 1 (GBF1) involved in vesicle trafficking in 

the secretory pathway 483. Viperin-GBF1 interactions affected TBEV virion assembly and enhanced 

the release of malfunctioning non-infectious viral particles. 

In fish. Whether similar mechanisms are present in fish is currently unknown. 

5. 2. 4. Towards a common mechanism: interactions with ubiquitin ligases? 

One emerging function of Viperin is that it seems to promote the ubiquitin-dependent proteasomal 

degradation of specific proteins. Ubiquitin is a small evolutionarily conserved protein containing 7 

lysine residues that can form polymeric chains 485. It can be conjugated to substrates by an enzymatic 

cascade involving E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme), and E3 

(ubiquitin ligase). Cellular proteins can be mono-, multi-, or polyubiquitinated; the latter can trigger 

diverse functions depending on the linkage type of the ubiquitin chain: for instance, polyubiquitin 
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chains linked via Lys48 are the canonical signal for proteasome-mediated protein degradation, while 

chains linked via Lys63 play nondegradative roles in diverse signaling and trafficking 

pathways 485,486. The fact that Viperin seems to stimulate the proteasomal degradation of both 

viral 413,417,469 and host proteins 467,475 suggests that it can associate with specific E3 ubiquitin 

ligases 151. Nonetheless, how Viperin recognizes its target proteins and which E3 ubiquitin ligase it 

is able to recruit still remains to be determined. 

6. Regulation of Viperin at the steady state and during viral infections 

6. 1. Negative regulation of Viperin 

6. 1. 1. Negative regulation at the transcription level 

In mammals, ISGF3 binding to the Viperin promoter is negatively regulated through competition by 

positive regulatory domain I binding factor 1 (PRDI-BF1) for the ISRE sites, thereby mediating its 

transcriptional repression 457. Interestingly, it was further reported that PRDI-BF1 was highly induced 

during the early phase (1-2hr) of Sendai virus infection and LPS stimulation and effectively blocked 

the expression of Viperin transcripts during early infection but not after 457. The authors suggested 

that the resulting negative regulation may prevent potential detrimental effects of excessive Viperin. 

Using a knockdown approach, a recent study also provides evidence that IFN-inducible lncRNA-

CMPK2 negatively regulates the expression of Viperin (among other ISGs) both at the steady state 

and following IFN-α treatment, likely via interactions with transcription factors or chromatin 

remodeling complexes 424. 

6. 1. 2. Proteasomal degradation of Viperin protein 

In mammals. Recently, Yuan et al. (2020) have observed that viperin mRNAs are induced in 

response to both type I IFNs and viral infections (VSV, Sendai virus, herpes simplex virus 1) in 

primary epithelial lung cells and in lung cell lines (A549, H358), but the Viperin protein was barely 

detected following immunoblotting 487. It was shown that Viperin proteins were degraded through the 

ubiquitin-proteasome pathway. Mechanistically, both IFNs and viral infections induced the 

expression of histone acetyltransferase (HAT) 1, resulting in the acetylation of Viperin, which in turn 

recruited ubiquitin ligase UBE4A, ultimately resulting in the proteasomal degradation of Viperin 487. 

Interestingly, UBE4A was highly expressed in epithelial cells but not in macrophages and fibroblasts. 

It was suggested that UBE4A acted as a negative regulator of Viperin but the benefits of this tight 

control were not further discussed by the authors. 
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In fish. Whether epithelial cells from fish present a similar UBE4A-dependent mechanism is 

currently unknown. 

6. 2. Viral subversion of Viperin activation 

Viruses have evolved subversion strategies to counteract the antiviral effects of ISG products and 

Viperin is no exception. Viral subversion strategies against Viperin can be classified into three 

categories, including blocking its induction, promoting its degradation and hijacking it. 

6. 2. 1. Inhibition of Viperin induction 

In both mammals and fish, some viruses were reported to inhibit the induction of viperin transcripts, 

either by inhibiting the type I IFN cascade or by specifically targeting viperin mRNAs. In mammals, 

it was shown that the endoribonuclease UL41 protein from herpes simplex virus 1 could counteract 

the induction of the endogenous Viperin gene in HEK293T likely via its RNase activity 488. In fish, 

Lu et al. (2024) recently showed that the N protein of VHSV could attenuate Japanese seabass 

LjViperin promoter activity by blocking IRF1 and IRF9 function via ubiquitination of IRF1 and IRF9 

leading to their proteasomal degradation 417. 

6. 2. 2. Promotion of Viperin degradation 

In mammals. Virus-mediated inhibition of Viperin can also take place at the protein level by 

promoting its degradation. For instance, in mammals, although Viperin transcripts are highly induced 

upon JEV infection, the virus negatively regulates Viperin at the protein level by promoting its 

degradation via the proteasomal pathway 456. The precise mechanisms were not identified, it could be 

speculated that they involve UBE4A (described above), as the experiments were performed in A549 

epithelial cells. 

In fish. In fish, Wang et al. (2019) have shown that SVCV inhibited the expression of exogenous 

Viperin_sv1 but not PpViperin and that SVCV-mediated Viperin_sv1 downregulation could be 

rescued after treatment with proteasome inhibitor 447. It was later demonstrated the N protein of 

SVCV can stimulate the ubiquitination of Viperin_sv1 at Lys201 (in the SAM domain), thereby 

promoting its degradation through the ubiquitin-proteasome pathway 464. 

6. 2. 3. Hijacking of Viperin’s functions 

In mammals, another example of viral subversion is illustrated with HCMV, which appeared to have 

hijacked Viperin’s cellular functions to favor the infectious process 461. It was shown that the viral 

protein vMIA could interact with Viperin and induce its relocalization to the mitochondrion, where 

it binds the β-subunit (HADHB) of the mitochondrial trifunctional protein (TFP), a multienzyme 
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complex that catalyzes the last three steps of the fatty acid (FA) β-oxidation pathway. Binding to 

HADHB reduces TFP activity via a mechanism requiring a catalytically active radical SAM 

domain 461,467. It was later identified that mitochondrially targeted Viperin reduced HADHB levels 

by promoting its degradation via the proteasome pathway, likely by increasing the rate of HADHB 

retrotranslocation to the mitochondrial outer membrane 467. The reduction in TFP activity results in 

lower ATP levels leading to a disruption of the actin cytoskeleton 461,467. In addition, reduced ATP 

levels activate AMP-activated protein kinase (AMPK), resulting in the induction of glucose 

transporter GLUT4 and increased glucose uptake. Increasing glucose concentrations trigger 

translocation into the nucleus of the glucose-regulated transcription factor ChREBP, which activates 

the expression of lipogenic genes, resulting in enhanced lipogenesis and accumulation of lipid 

droplets 489. In a context of viral infection, it was hypothesized that disruption of the actin cytoskeleton 

facilitates release of virions from the cells 461, while increased lipogenesis aided the formation of 

HCMV viral envelope 489. Importantly, Viperin mutant in which the N-terminal domain was replaced 

with by a mitochondrial localization sequence (MLS) but not a similar catalytically inactive mutant, 

WT Viperin or a MLS-GFP construct was reported to induce disruption of the cytoskeleton and to 

enhance lipogenesis, suggesting that Viperin can act independently of vMIA but requires both 

mitochondrial localization and Fe-S cluster binding 461,489. 

7. Emerging role of Viperin in regulating metabolic processes under non-

pathological conditions 

A growing but still flimsy body of evidence suggests that mammalian Viperin might play a role, 

beyond its antiviral function, in regulating metabolic processes under non-infectious conditions. 

7. 1. Viperin-mediated regulation of lipid metabolism and thermogenesis 

In mammals. When it was discovered that mitochondrially-targeted Viperin upon HCMV infection 

could have an effect on cellular metabolism and more specifically on FA β-oxidation pathway and 

lipogenesis via reduction of TFP activity, the authors suggested that this process was certainly an 

intrinsic function of Viperin that the virus hijacked to its benefit 418,489.  

Recent studies further investigated the role of Viperin in FA β-oxidation at the organism and tissue 

level. In particular, endogenous Viperin was found to be highly expressed in brown adipose tissue of 

mice (involved in thermogenesis) and to localize to the mitochondria in this specific tissue 439. Using 

Viperin-/- mice, it was reported that Viperin deficiency reduced fat mass and increased heat 

production. At the tissue and cellular level, Viperin deficiency resulted in reduced size of adipocytes 

and hepatic lipid droplets 439. In addition, the expression levels of canonical thermogenesis- and FA 
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β-oxidation-related genes were increased in adipose tissues and more specifically in both mature 

brown and white adipocytes of Viperin-/- mice but treatment with fatty acid β-oxidation inhibitor could 

bring the expression of thermogenic genes down to a wildtype level 439. Taken together, these findings 

suggest that Viperin acts as a negative regulator of thermogenesis in adipose tissues by inhibiting 

fatty acid β-oxidation in adipocytes resulting in the accumulation of lipid droplets 439, likely via 

similar molecular mechanisms described in Section 6. 2. 3 involving reduction in TFP activity via 

binding to HADHB. In line with these findings, it was also recently reported that Viperin played a 

role in metabolic reprogramming in cancer cells, by increasing lipogenesis via inhibition of fatty acid 

β-oxidation 490,491. 

In fish. In mammals, the research investigating the role of Viperin in lipid metabolism is still in its 

infancy. Unsurprisingly, whether Viperin-mediated regulation of lipid metabolism exists in cold-

blooded animals like fish has not been really explored yet. Nonetheless, Shanaka et al. (2023) have 

recently reported that genes encoding enzymes involved in lipid metabolism, such as fatty acid 

synthase (fasna) and acetyl-CoA carboxylase (acc), were upregulated in non-infected viperin-/- 

zebrafish larvae compared to WT 
446. Furthermore, Oil Red O staining revealed lower intracellular 

amounts of lipid droplets following Viperin overexpression in ZF4 cells 446. These findings, albeit 

partial, suggest that fish Viperin may also play a role in lipid metabolism. 

7. 2. Regulation of mitochondrial metabolism 

A related subject to the regulation of lipid metabolism is the study of Viperin’s role in mitochondrial 

metabolism. Ebrahimi et al. (2020) recently showed that the enzymatic activity of Viperin reduces 

cellular concentrations of UTP and CTP over time following overexpression in HEK293 cells 468. 

Because Viperin-mediated generation of ddhCTP is coupled with the enzymatic activity of 

mitochondrial enzyme CMPK2 generating CTP, it was suggested that ddhCTP synthesis specifically 

leads to depletion of UTP and CTP in mitochondria, which may affect the cell metabolism. Evidence 

was provided that the radical SAM activity of Viperin negatively affects mitochondrial metabolism 

by reducing mitochondrial respiration rate and amino acid consumption rate 468. In a later study, the 

same authors showed that Viperin-produced ddhCTP was able to inhibit NAD+-dependent enzymes, 

including glyceraldehyde 3-phosphate, lactate and malate dehydrogenases (GAPDH, LDH, MDH). 

Molecular docking simulations predicted that ddhCTP-mediated inhibition involved ddhCTP binding 

to the NAD+-binding pocket of these enzymes 492. These results have recently been challenged by 

another research team, which showed that NAD+-dependent enzyme inhibition properties of ddhCTP 

claimed by Ebrahimi et al. were probably an artifact arising from the presence of residual dithionite 

(reducing agent) in the ddhCTP used, which likely reduced NAD+ into NADH 493. 
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7. 3. Bone metabolism 

The rat ortholog of human Viperin, initially called Best5, was found to be expressed in vitro in 

differentiating primary rat osteoblasts as well as in human osteosarcoma MG63 cell line upon IFN-α 

and IFN-γ stimulation 386. It was also detected in vivo by immunostaining in osteoblast progenitors 

as well as in mature osteoblasts in sections of neonatal rat tibiae and in sections of mechanically 

loaded bones 386. At that time of discovery, little was known on Viperin and it was suggested to be 

an intermediate in the response of osteoblasts to stimuli modulating proliferation/differentiation 386. 

The role of Viperin in osteoblast differentiation was not further investigated for many years but a few 

research teams have begun to take a renewed interest in it. A few papers have reported that Viperin 

was highly expressed in middle zone articular cartilage chondrocytes compared to superficial zone 

chondrocytes 494. More recently, the Viperin gene was identified in one of the QTLs explaining the 

size variation of Meishan pigs, suggesting that it might play a role in skeletal development 495. 

Furthermore, Viperin knockdown in bone marrow mononuclear cells led to inhibition of osteoclast 

differentiation, which are cells that initiate bone resorption and remodeling 496. In the same vein, 

Viperin was found to be expressed during chondrogenic differentiation in vivo in the developing 

embryonal growth plate of mouse embryos as well as in vitro in chondrogenic ATDC5 cell line and 

in primary human bone marrow stem cells at a late differentiation stage 484. Interestingly, 

downregulation of endoribonuclease MRP/RNase P, which was shown to degrade Viperin mRNA, 

and concomitant upregulation of Viperin expression were also linked to bone growth disorders 443. 

Taken together, these results suggest that Viperin is likely involved in bone and cartilage metabolism 

and more specifically in cell differentiation although the precise regulatory mechanisms are still 

elusive. 

8. Conclusion 

The past 25 years of research on Viperin have greatly contributed to our understanding of how Viperin 

exerts its antiviral function. The identification of Viperin’s substrate and catalytic product has 

provided major advances in elucidating Viperin’s biological functions. Nonetheless, several lines of 

evidence point to additional mechanisms of action that are seemingly unrelated to the production of 

ddhCTP and that involve a complex network of protein-protein interactions. Furthermore, an 

emerging function of Viperin is that it may have a regulatory role in diverse cellular processes, even 

under non-pathological conditions, as exemplified by its implication in lipid metabolism and bone 

metabolism. However, how a single protein can be involved in so many seemingly unrelated 

processes and whether the underlying mechanisms involve its radical SAM activity remain unclear. 

These questions should be addressed in future research studies. 
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CHAPTER 4 

Development of in vitro fish models for the aquaculture sector 

1. Introduction 

The term “aquaculture” broadly refers to the cultivation of aquatic organisms under controlled 

conditions, including fish, shellfish and algae, as opposed to “fisheries” which consists in the 

harvesting of wild aquatic animals. Contrary to fisheries, which have experienced stagnating 

production since the 1990s, aquaculture has emerged as a fast-growing sector, steadily increasing its 

share of total fisheries and aquaculture production. Of the 178 million tons of aquatic animals (fish 

and shellfish) produced in 2020, 51% (90 million tons) was from capture fisheries and 49% (88 

million tons) from aquaculture (Figure 23). This is a major change from the 1950s, where aquaculture 

represented merely 4% of the total share. Since then, aquaculture has continued to expand rapidly, 

reaching 20% in the 1990s and 44% in the 2010s. This exponential growth aligns with the rising 

consumer demand observed over the past 60 years, with mean global consumption of aquatic products 

per capita increasing from 9.9 kg/year in the 1960s to 20.2 kg/year in 2020 497. 

 

Figure 23: Word capture fisheries and aquaculture production 

(A) World capture fisheries and aquaculture production (excluding algae) from 1950 to 2020. (B) World aquaculture 

production by production types from 1991 to 2020. Graphs modified from FAO (2022) 497. 

In this manuscript, the primary focus is on fish farming, which represents two thirds of farmed aquatic 

animal production 497. In this chapter, the importance of fish health for the aquaculture sector and the 

challenges faced by fish immunology and disease research are discussed in the first section. The 

second section provides an overview of in vitro fish cell-based approaches for fish health research 

with particular attention given to knockout techniques developed in fish cell lines. 

Aquaculture production Capture fisheries production Total

A B
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2. The importance of fish health in aquaculture 

2. 1. Fish farming: a fast-growing sector 

In 2020, global aquaculture production (including fish and shellfish but excluding algae) reached a 

record 87.5 million tons of farmed aquatic animals (USD 264.8 billion) and is expected to increase 

to 106 million tons in 2030, which would represent a 53% share in global production of aquatic 

animals. Among aquatic animal farming, finfish farming accounts for the largest share of world 

aquaculture. In 2020, farmed finfish production was estimated at 57.5 million tons (USD 146.1 

billion), including 49.1 million tons (USD 109.8 billion) from inland aquaculture and 8.3 million tons 

(USD 36.2 billion) from marine and coastal aquaculture 497. 

The aquaculture production, including fish farming, is dominated by a small number of major 

producers, including China, India, Indonesia for warm water species and Norway and Chile for cold 

water species. Despite the great diversity of farmed fish species, only a few of them are predominantly 

produced; carp and tilapia are the main warm water species, whereas Atlantic salmon is by far the 

most important cold water species, accounting for one third of marine and costal aquaculture 497. 

2. 2. Challenges of fish disease management 

2. 2. 1. Fish infectious diseases 

Most pathologies affecting farmed fish are caused by infectious agents (viruses, bacteria, fungi, 

parasites), environmental factors like fluctuations in water quality or nutritional deficiencies 498. 

Aquatic systems pose a heightened risk of infectious diseases, as animals are continually exposed to 

both endemic or introduced pathogens. Furthermore, the intensification and expansion of aquaculture 

alongside the globalization of trade in aquatic products have favored the spread and emergence of 

infectious diseases 499. To date, infectious disease outbreaks are still considered one of the main 

causes of economic losses in the aquaculture industry 500 and are estimated to cost the global 

aquaculture industry about USD 6 billion a year 499. Of note, infectious diseases were still the leading 

cause of mortality in farmed Atlantic salmon in 2023 in Norway, which is renowned for having the 

most technologically advanced fish farming industry 501. Among infectious diseases, viral diseases 

are responsible for serious, epidemic episodes in fish farms. A telling example is infectious salmon 

anemia (ISA), which caused massive production losses in marine-farmed Atlantic salmon 502. The 

causative agent, a negative sense ssRNA virus belonging to the family of Orthomyxoviridae, was 

responsible for an unprecedented economic crisis in Chile between 2007 and 2010 503. During this 

period, Chilean production of Atlantic salmon plummeted from 376,000 tons in 2006 to 123,000 tons 
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in 2010 (Figure 24), representing a drastic 67% decline and resulting in huge economic losses (USD 

2 billion) along with major social repercussions including the loss of 20,000 to 25,000 jobs 504. 

 

Figure 24: Atlantic salmon production from 1990 to 2018 

Data were taken from FAO (2020), FishStatJ database 

Other deadly viruses affecting important aquaculture species (including salmonids and cyprinids) and 

notifiable to the World Organization for Animal Health (WOAH, previously known as Office 

International des Epizooties, OIE) are presented in Table V. In addition to these long-known viral 

diseases, emerging viruses are becoming a growing concern to the aquaculture sector. These include 

Piscine orthoreovirus (PRV) responsible for heart and skeletal muscles inflammation (HSMI) 

syndrome and totivirus Piscine myocarditis virus (PMCV) causing cardiomyopathy syndrome in 

Atlantic salmon, as well as Tilapia lake virus (TiLV), which has become notifiable to WOAH in 2023, 

betanodavirus Nervous Necrosis Virus (NNV), responsible for viral encephalopathy and retinopathy 

in various marine species such as Asian and European seabass, gilthead sea bream and Japanese 

flounder, and Lates calcarifer Birnavirus (LCBV), which cause high mortality outbreaks in farmed 

Asian seabass 505–509. 

2. 2. 2. Disease control methods 

Infectious diseases represent a significant constraint on aquaculture productivity and disease control 

strategies have been implemented to limit outbreaks. These measures include curative treatments by 

using antibiotics, disinfectants and other chemicals against bacterial, fungal and parasitic diseases 

and a preventive approach via implementation of biosecurity measures at all scales (international, 

national, farm scales), good management practices, vaccination, selective breeding of disease-

resistant fish, functional feeds to promote fish health and disease surveillance 498,510. Examples of 

improved fish health status and system productivity following the implementation of these methods 

are abundant. For instance, breeding of IPN-resistant salmon, has led to a sharp decline of IPNV 
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outbreaks in Norwegian aquaculture after 2009 511–513, although recent outbreaks caused by emerging 

IPNV variants in genetically resistant fish have been reported in Chile and Norway 514,515. Preventive 

vaccination against bacterial diseases (including vibriosis, cold-water vibriosis and furunculosis) in 

Norway has also greatly contributed to the development of Norwegian salmon farming in the late 20th 

century while reducing the use of antibiotics to virtually zero 516. In aquaculture, most licensed fish 

vaccines are based on inactivated pathogens but novel vaccine technologies based on live, subunit, 

recombinant and nucleic acid vaccines are also promising for the development of new aquaculture 

vaccines 517,518. 

Table V: Viral diseases notifiable to WOAH in 2023 

 Virus name Virus family and 

genus 

Susceptible fish species Location Reference 

C
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(<

1
5

°C
) 

Infectious 

Hematopoietic 

Necrosis Virus 

(IHNV) 

Rhabdoviridae 

Novirhabdovirus. 

Arctic charr, Atlantic salmon, 

brook trout, brown trout, 

chinook salmon, chum salmon, 

coho salmon, rainbow trout, 

sockeye salmon, pike 

Worldwide 509,519 

Viral Hemorrhagic 

Septicemia Virus 

(VHSV) 

Rhabdoviridae 

Novirhabdovirus. 

Atlantic and Pacific herring, 

European anchovy, Northern 

pike, Atlantic cod, wrass, olive 

flounder, Atlantic salmon, 

brook trout, brown trout, 

chinook salmon, chum salmon, 

coho salmon, rainbow trout, 

sockeye salmon, among others 

Worldwide 509,520 

Salmonid Alphavirus 

(SAV) 

Togaviridae. 

Alphavirus 

Arctic charr, Atlantic salmon, 

common dab, rainbow trout 

Europe 509,521 

Infectious Salmon 

Anemia Virus 

(ISAV) 

Orthomyxoviridae 

Isavirus 

Atlantic salmon, brown trout; 

rainbow trout 

Mainly 

Norway and 

Chile, but also 

Europe and 

North America 

509,522 
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Spring Viremia Carp 

Virus (SVCV)  

Rhabdoviridae 

Sprivivirus. 

Bream, goldfish, grass carp, 

common carp, zebrafish, 

among others 

Worldwide 509,523 

Epizootic 

Hematopoietic 

Necrosis Virus 

(EHNV) 

Iridoviridae 

Ranavirus 

Northern pike, European perch, 

pike-perch, silver perch, 

rainbow trout, among others 

Australia, 

Europe 

509,524 
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2
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°C
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Koi Herpesvirus 

(KHV) 

Alloherpesviridae 

Cyprinivirus  

Common carp and hybrids Worldwide 509,525 

Red Seabream 

Iridovirus (RSIV) 

Infectious Spleen 

and Kidney Necrosis 

Virus (ISKNV) 

Iridoviridae 

Megalocytivirus 

Red sea bream, yellowtail, 

amberjack, sea bass, mandarin 

fish, red drum, mullet, groupers 

East and 

South-East 

Asia 

509,526 

Tilapia Lake Virus 

(TiLV) 

Amnoonviridae 

Tilapinevirus 

Tilapia species South-East 

Asia, Israel 

and Africa 

509,527 
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2. 3. Challenges of fish health research 

As presented above, fish health is one of the most important aspects for a successful aquaculture 

system. In their report on the state of fisheries and aquaculture, the FAO advocated a 10-point 

biosecurity best practice, the first three of which were “(1) know your species, (2) know your system, 

(3) know your pathogens” 497. Interestingly, not only does this sentence insists on the knowledge – 

both empiric and scientific – on the specific farmed fish, it also highlights the importance of the three 

components host-pathogen-environment triad and their interactions 498. In this regard, basic research 

in fish immunology and microbiology is important to decipher host-pathogen interactions and 

ultimately nourish applied research to improve disease control solutions. 

However, the current knowledge on fish pathogens and fish immune responses is still fragmented. As 

mentioned in Chapter 1, fish immunology is a relatively recent discipline fraught with pitfalls, 

including the remarkably huge number of fish species from very diverse habitats (hence, the first 

point from the FAO) as well as genome duplication events, which make functional studies of specific 

immune gene families even more complex. Concerning the third point from the FAO, research 

focusing host-pathogen interactions often necessitates the ability to cultivate the pathogen of interest. 

Cell culture-based approaches are primarily used to propagate viruses. However, for emerging fish 

viruses, this prerequisite is not always met. This shortcoming is exemplified by PRV, the causative 

agent of HSMI in farmed Atlantic salmon, which has not been cultivable so far: for instance, it was 

recently reported that none of the 31 fish cell lines tested were able to support PRV amplification 528. 

Therefore, the development of robust cell line models capable of supporting the replication and study 

of emerging fish diseases is crucial for advancing the understanding of diseases affecting 

aquaculture 517. 

3. In vitro fish cell lines for fish health research 

3. 1. Uses 

Fish primary cells and immortalized cell lines are in vitro tools commonly used in both basic and 

applied research for toxicological, pathological, and immunological studies 529. As mentioned above, 

fish cell culture-based propagation of virus has greatly facilitated research on specific viral pathogens. 

Fish cell lines are also widely used to decipher cellular functions involved in the fish innate immune 

response and study host/pathogen interactions, thereby providing valuable insights into the molecular 

mechanisms behind fish innate immunity. In applied science, cell lines are also essential for cell 

culture-based diagnostic tools, which are still considered the gold standard for viral diagnostics 530, 
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and for the development of inactivated viral vaccines, which still represent the majority of viral 

vaccines available on the market for the aquaculture sector. 

3. 2. From conventional to engineered cell lines 

In the past few decades, considerable efforts have been made to establish and characterize new fish 

cell lines representative of diverse fish species and tissue types 529. At the time of writing this 

manuscript, the online cell line database Cellosaurus included more than 900 fish cell lines isolated 

from more than 200 fish species. While some fish cell lines like Bluegill fry (BF-2), Chinook salmon 

embryo (CHSE-214), Epithelioma papulosum cyprini (EPC), Fathead minnow (FHM), rainbow trout 

gonad (RTG-2) are permissive to a wide range of viruses (including VHSV, IHNV, IPNV, SVCV, 

among others) 531, other cell lines are specifically used to amplify viruses known to be difficult to 

propagate such as ISKNV and SKIV 532. 

Despite the growing number of fish cell lines, Collet et al. (2018) noted that little effort has been 

made towards their functional characterization and towards the development of cell culture-based 

genetic engineering tools 533. In in vitro fish models, gene function studies are mainly based on gain-

of-function approaches based on the transfection of cells with a plasmid encoding the gene of interest 

using either constitutive or inducible expression systems 533. Although relatively easy to implement, 

overexpression approaches are intrinsically biased as they are based on unnaturally high levels of the 

protein of interest. 

Alternatively, gene function can be studied using loss-of-function approaches. In in vitro fish models, 

these methodologies are less common as they are more difficult to implement and they are mainly 

based on transient knockdown techniques using morpholino oligonucleotides, short interfering 

RNAs, or chemical inhibition (examples are given in Chapter 2). In additions, knockdown 

approaches also suffer from other flaws: they provide only temporary inhibition of gene function and 

are often incomplete with remanent levels of the protein of interest, which can mask some gene 

functions 534. 

In that respect, knockout approaches are more robust, as there is – in theory – no residual levels of 

the protein of interest. However, the development of knockout fish cell lines has not become as 

widespread as with mammalian lines and it is still in its infancy, as described hereafter 533. 
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3. 3. Development of knockout fish cell lines 

3. 3. 1. Overview of knockout gene editing methods 

3. 3. 1. 1. Principle of knockout mechanism 

Development of knockout cell lines typically relies on nuclease-based gene editing platforms, 

including zinc finger nucleases (ZFNs), transcription-activator like effector nucleases (TALENs) and 

clustered regularly interspaced short palindromic repeats/CRISPR associated nuclease (CRISPR/Cas) 

systems (Table VI). Regardless of their nature, these systems are composed of a sequence-specific 

DNA-binding module (targeting a specific sequence) linked to a non-specific DNA cleavage 

module 534. Mechanistically, these nucleases generate site-specific double-strand breaks (DSBs) at 

the specific target sequence. DSBs are then repaired via either non-homologous end-joining (NHEJ) 

or homologous recombination through homology directed repair (HDR), resulting in targeted 

sequence modifications 534. While NHEJ directly ligates break ends without any template, HDR uses 

a homologous sequence as a template for regenerating DNA sequences at the DSB 535. Both repair 

techniques can be exploited in genome editing: NHEJ-mediated repair is often error-prone and can 

lead to small insertions or deletions at the cut site, which generate frameshifts into the coding 

sequence; in addition, simultaneous generation of two DSBs can lead to deletions, inversions and 

translocations of the intermediate DNA sequence 534. Alternatively, HDR-based repair relies on 

introduction of a modified repair template (e.g. DNA construct with extended homology arms 

identical to the flanking sequences of the targeted DSB) leading to the introduction of modified gene 

sequence 534,536. 

3. 3. 1. 2. Genome editing technologies 

As mentioned above, three main nuclease-based technologies have been developed for genome 

editing: 

Zinc-finger nucleases (ZFNs). ZFNs are chimeric proteins, consisting of an array of 3-4 site-specific 

DNA-binding zinc-finger domains (each recognizing a 3-bp sequence) linked together and attached 

to the endonuclease domain of the bacterial FokI restriction enzyme 536,537. ZFNs are designed as a 

pair that recognizes two sequences flanking the target site (one on the forward strand, the one on the 

reverse strand); upon binding, the FokI domains dimerize and generate a DSB between the binding 

sites. 

Transcription-activator like effector nucleases (TALENs). TALENs function in a similar fashion 

to ZFNs, but their DNA-binding domain is composed of an array of 10 to 30 repeat domains, each 

recognizing a single base pair via 2 hypervariable residues (repeat-variable di-residues) 538. Contrary 
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to ZFNs where each zinc-finger domain recognizes a nucleotide triplet, the one-to-one 

correspondence for each repeat/nucleotide pair in TALENs provides greater flexibility 534. 

CRISPR/Cas9. The CRISPR/Cas system consists of a Cas endonuclease (usually Streptococcus 

pyogenes Cas9) that binds a guide RNA, composed of a variable CRISPR (cr)RNA, comprising a 20 

nt variable protospacer sequence in 5’, complementary of a target sequence, and a 3’ constant 

sequence that hybridizes with a transactivating (tra)crRNA 539. In current CRISPR/Cas9-based 

methods, crRNA and tracrRNA are fused to form a single guide RNA (Figure 25A). The sgRNA (or 

crRNA-tracrRNA hybrids) guides Cas9 to cleave complementary target DNA sequences, that are 

adjacent to specific sequences known as protospacer adjacent motifs (PAMs), downstream of the 

crRNA-binding sequence. The PAM sequence has the canonical form 5’-NGG in the CRISPR/Cas9 

system. Upon hybridization of the protospacer with its complementary sequence on the DNA strand, 

Cas9 generates a DSB in the DNA sequence at a position 3 bp upstream of the PAM 540 (Figure 25B). 

Of note, alternative CRISPR/Cas systems from other bacterial species can also be used for genome 

editing 541 but it is much less common than Cas9 and will not be further discussed in this manuscript. 

Table VI: Comparison of genome editing tools ZFNs, TALENs and CRISPR/Cas9. 

Adapted from Janik et al. (2020) 542. 

 
ZFNs TALENs CRISPR/Cas9 

Species of origin Eukaryotes Genus Xanthomonas Prokaryotes 

Construction Protein engineering for 

every single target 

Protein engineering for 

every single target 

20-Nucleotide sequence of 

single-guide RNA (sgRNA) 

Target sequence 

recognition 

Zinc fingers protein, 

protein-DNA 

interactions 

Repeat variable di-residues 

(RVDs) repeats, protein-

DNA interactions 

sgRNA, RNA-DNA interactions 

DNA-binding 

domains 

3-4 Zinc fingers 

domains 

1 domain = 30 aa 

10-30 RVD repeats 

1 domain = 33-35 aa 

sgRNA synthesis or cloning 

Specificity Recognition of a 

nucleotide triplet by 

each ZF domain 

For each domain, two 

residues recognize a single 

bp 

20 first nucleotides of crRNA or 

sgRNA + Presence of PAM 

downtream of the target 

sequence 

DNA sequence 

recognition size 

(9 or 12 bp) x 2 (10–30 bp) x 2 17–20 bp + NGG x 1 

Endonuclease FokI FokI Cas9 and its different variants 

Mechanism Tandem operation: two 

ZFNs around the target 

sequence; dimerization 

of FokI domains and 

cleavage of the spacer 

sequence 

Tandem operation: two 

TALENs around the target 

sequence; dimerization of 

FokI domains and cleavage 

of the spacer sequence 

sgRNA complementary to the 

target sequence and cleavage of 

target sequence by Cas9 3 pb 

upstream of the PAM 

Targeting 

efficiency 

Low Moderate High 

Affordability Resource intensive and 
time consuming 

Affordable but time 
consuming 

Highly affordable and rapid 
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Although ZFNs and TALENs had their glory days in the early years of genome editing, these 

techniques were completely supplanted by the arrival of the CRISPR/Cas9-based genome 

engineering tools. Indeed, contrary to ZFNs and TALENs, which require the design of specific 

proteins for each new target site and are time- and labor-consuming, CRISPR/Cas9 technology is 

more flexible and can be adapted to any genomic sequence (provided that there is a PAM downstream 

of it) only by changing the 20 nt-protospacer of the sgRNA 536. The CRISPR/Cas9 technology can 

also be used for multiplexing approaches, by using a cocktail of multiple sgRNAs targeting different 

genes 543. 

In 2012, it was demonstrated that the CRISPR/Cas9 system could be adapted to cut specific DNA 

sites in vitro 544, paving the way for genome editing applications. A series of articles published the 

following year showed that this technology could be used to disrupt genes in various cells and 

organisms, including bacteria 545, yeast 546, human cell lines 547,548, zebrafish 549, mouse 543 and plants 

550, among others. 

 

Figure 25: Overview of CRISPR/Cas9-based genome editing 

(A) Structure of the CRISPR RNA (crRNA)-transactivating crRNA (tracrRNA) hybrid (left) and artificial single guide 

RNA (sgRNA) (right). Adapted from Nidhi et al. (2021) 551. (B) Schematic representation of CRISPR/Cas9-based gene 

knockout process via the NHEJ or HDR DNA repair processes. Adapted from Addgene (2024) 552. 
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3. 3. 2. Knockout fish cell lines 

Besides zebrafish 549, CRISPR/Cas9-based technology was also successfully used in Atlantic salmon 

553 and in rohu (Labeo rohita) 554 by injecting into eggs, in vitro transcribed sgRNA and Cas9-

encoding mRNA or Cas9 and sgRNA encoding plasmids, respectively. 

In fish cell lines, the first proof-of-concept was only published in 2016 by Dehler et al. 555 using a 

salmonid cell line (CHSE-EC) genetically engineered overexpress a monomeric, cytosolic form of 

EGFP (mEGFP) and the nuclear nCas9n. It was demonstrated that the mEGFP gene could be knocked 

out following transfection of a specific sgRNA targeting the transgene. This cell line was later used 

to disrupt endogenous genes, including stat2 and the two paralogs stat1a1 and stat1a2 using the same 

methodology 136, opening the way for functional studies based on knockout cell lines in in vitro fish 

models. In the years following these first publications, other research groups successfully generated 

knockout cell lines from various species using different Cas9 and sgRNA delivery techniques, such 

as plasmids 556, sgRNA-Cas9 ribonucleoprotein 557 and lentiviruses 558. Published examples of fish 

cell lines knocked out for endogenous genes are presented in Table VII. 

Table VII: non-exhaustive list of published fish knockout cell lines 

Cell line Species Target gene Delivery system Clonal ? Reference 

CHSE-EC Chinook salmon mEGFP Transfection of sgRNA Yes 555 

CHSE-EC Chinook salmon mEGFP+ 
stat2 or stat1a1-2 

Transfection of sgRNA Yes 136 

CHSE-EC Chinook salmon mEGFP+ 

rigI 

Lentivirus No 558 

CHSE-214 Chinook salmon mavs, irf3, irf7-1, 
double KO irf3+irf7-1 

RNPs Yes 559 

ASK-1 

SHK-1 

Atlantic salmon cr2 

mmp9 

RNPs 

Plasmid 

Yes 560 

EPC Fathead minnow hif1a Plasmid Yes 556 

EPC Fathead minnow irf9 Plasmid Yes 561 

HX1 Medaka ntrk3b RNP Yes 557 

Cas9-OmB Tilapia impa1.1, nanos3, 

nfat5 

Plasmids No 562 

Cas9-OmB Tilapia impa1.1, mips sgRNA-encoding 

plasmids 

Yes 563 

CIK Grass carp jam-a Plasmids Yes 564 

 

The development of knockout fish cell lines is still in its infancy but the widespread of the 

CRISPR/Cas technology applied to in vitro fish models is likely to help deepen our understanding of 

the underlying molecular mechanisms of the innate immune response in fish. 
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In mammals, the main components of type I IFN response have been identified over the past 50 years. 

Overall, most of the key antiviral pathways are conserved in fish, but they display a more diverse 

repertoire of type I IFNs and ISGs compared to mammals, due to their complex evolutionary history 

and physiological specificities. In particular, the antiviral functions of most fish ISGs, their 

underlying molecular mechanisms and interactions remain to be explored in detail. 

Until recently, functional studies aiming to characterize specific ISGs in fish models were mainly 

based on cloning, overexpression and, to a much lesser extent, knockdown and chemical inhibition 

approaches. Although informative, these approaches suffer from intrinsic flaws, including 

unnaturally high levels or remanent levels of the protein of interest and debatable specificity of 

chemical inhibitors, respectively. However, the expansion of genome editing technologies associated 

with the massive sequencing of the genomes of many fish species is currently revolutionizing the 

field of fish immunology, making knockout approaches in fish models more accessible. 

In this context, the overarching aim of my PhD project was to develop and characterize fish cell lines, 

in which selected ISGs have been knocked-out using the CRISPR/Cas9 system in order to understand 

their respective contribution to the antiviral immune response. This work is an integral part of a larger 

research project initiated in our laboratory, which is focusing on the development of in vitro knock-

out fish cell lines to elucidate the function of specific components of the type I IFN pathway in 

teleosts 136,555. In my PhD project, two key ISGs, namely pkr and viperin, were chosen as candidate 

targets. In this regard, the objectives of my project were three-fold: 

(1) to develop and validate pkr-/- and viperin-/- fish cells, using the salmonid CHSE-EC cell line 

and cyprinid EPC-EC cell line as parental cell lines, respectively; 

(2) to functionally characterize the pkr-/- and viperin-/- cell lines, in order to decipher their 

respective mechanisms of action and their potential role in regulating the type I IFN 

response through feedback loops; 

(3) to assess their permissivity to viral infections and evaluate their potential for viral particle 

production at higher yields than their wildtype counterparts. 

Objective 3 is of industrial interest and stems from a collaboration with Virbac, a pharmaceutical 

company specializing in animal health that is co-funding this PhD project along with ANRT. Indeed, 

inactivated vaccines are still the main antiviral vaccines currently available on the market for the 

aquaculture sector. However, the development and industrial production of such vaccines is still 

hampered by the low yields of conventional viral particle production systems, relying on in vitro virus 

replication in permissive cell lines. In this project, we hypothesized that the type I IFN response limits 

the yield of viral particle production in available cell culture systems. 
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To achieve Objective 1, the process of gene knockout in fish cell lines implemented in this project is 

presented below for greater clarity. 

 

Figure 26: Workflow implemented in this project to develop fish knockout cell lines 

The workflow was adapted from Dehler et al. 136,555. CHSE-EC or EPC-EC – two clonal cell lines stably expressing 

mEGFP – were used as parental cell lines to develop KO cell lines by CRISPR/Cas9 genome editing. (1) Cells are 

transfected with recombinant Cas9 and a cocktail of sgRNAs targeting the gene of interest (GOI) and the mEGFP 

transgene (for screening purposes); (2) the bulk of transfected cells is sequenced to validate the presence of cells knocked-

out for the GOI and for the mEGFP gene; (3) clonally derived mEGFP-deficient cells are subcultured following manual 

isolation or fluorescence-activated cell sorting (FACS); (4) after a few weeks of propagation, isolated clones are 

sequenced to validate the disruption of the gene of interest at the genomic level; (5) the GOI expression status is validated 

in the selected clones at the protein level by western blot (WB). 
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RESULTS 1 

Characterization of the molecular functions of salmonid PKR 

using overexpression and knockout approaches 

1. Introduction 

The first axis of this thesis was to functionally characterize salmonid PKR using both overexpression 

and knockout approaches. PKR is one of the most studied proteins encoded by an ISG in mammalian 

models and is commonly considered a key factor of innate immunity against viruses. PKR is known 

for being involved in central cellular processes in response to stress signals including inhibition of 

protein translation via phosphorylating eukaryotic initiation factor 2α (eIF2α), regulation of apoptosis 

through activation of the caspase cascade and enhancement of the type I IFN and inflammatory 

responses. In fish, orthologs of mammalian PKR have been cloned from species of various taxonomic 

orders, including Tetraodontiformes (e.g. fugu 266), Perciformes (e.g. rock bream 264, Nile tilapia 265, 

orange-spotted grouper 231), Pleuronectiformes (Japanese flounder 199), Cypriniformes (crucian carp 

239, grass carp 238, zebrafish 200). These studies have not investigated the antiviral function of fish PKR 

as extensively as mammalian studies; nonetheless, they provide evidence, through overexpression 

and knockdown approaches, that some molecular functions are conserved between fish and 

mammalian PKR. Curiously, studies focusing on salmonid PKR are scarce; to the best of my 

knowledge, only one article on salmonid PKR was published in 2016 by Gamil et al. 267. Using a 

chemical inhibitor-based approach, the authors showed that endogenous Chinook salmon PKR seems 

to favor IPNV replication 267. 

In our study, we went a step further by characterizing the molecular functions of Chinook salmon 

PKR using complementary overexpression and knockout approaches. We addressed the following 

questions: (1) does Chinook salmon PKR activate apoptosis? (2) does it inhibit host protein 

translation? (3) Is it involved in the inhibition of viral replication? 

2. Article 

Chaumont, L., Peruzzi, M., Huetz, F., Raffy, C., Le Hir, J., Minke, J., Boudinot, P., & Collet, B. 

(2024). Salmonid Double-stranded RNA-Dependent Protein Kinase Activates Apoptosis and Inhibits 

Protein Synthesis. Journal of immunology (Baltimore, Md. : 1950), 213(5), 700–717. 

https://doi.org/10.4049/jimmunol.2400076  

  

https://doi.org/10.4049/jimmunol.2400076
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Abstract 

The dsRNA-dependent protein kinase (PKR) is a key factor of innate immunity. It is involved in 

translation inhibition, apoptosis and enhancement of the proinflammatory and interferon responses. 

However, how these antiviral functions are conserved during evolution remains largely unknown. 

Overexpression and knockout studies in a Chinook salmon (Oncorhynchus tshawytscha) cell line 

were conducted to assess the role of salmonid PKR in the antiviral response. Three distinct mRNA 

isoforms from a unique pkr gene, named pkr-fl (full length), pkr-ml (medium length) and pkr-sl (short 

length), were cloned and a pkr-/- clonal fish cell line was developed using CRISPR/Cas9 genome 

editing. PKR-FL includes an N-terminal dsRNA-binding domain and a C-terminal kinase domain, 

while PKR-ML and PKR-SL display a truncated or absent kinase domain, respectively. PKR-FL is 

induced during IFNA2 stimulation but not during viral hemorrhagic septicemia virus (VHSV) 

infection. Overexpression experiments showed that only PKR-FL possesses antiviral functions 

including activation of apoptosis and inhibition of de novo protein synthesis. Knockout experiments 

confirmed that PKR is involved in apoptosis activation during late stage of VHSV infection. 

Endogenous PKR also plays a critical role in translation inhibition upon poly(I:C) transfection after 

IFNA2 treatment. It is, however, not involved in translational arrest during VHSV infection. Extra- 

and intracellular titrations showed that endogenous PKR does not directly inhibit viral replication but 

apparently favors virion release into the supernatant, likely by triggering late apoptosis. Altogether, 

our data confirm that salmonid PKR has conserved molecular functions, that VHSV appears to bypass 

with subversion strategies. 

 

Key points 

• Three isoforms of Chinook salmon PKR are present in CHSE-EC cells 

• Full-length PKR triggers apoptosis and inhibits de novo protein synthesis 

• Endogenous PKR is not involved in translational arrest during VHSV infection 

• Endogenous PKR favors virion release into the supernatant at a late infection stage 

 

Keywords: PKR, EIF2AK2, Chinook salmon, Oncorhynchus tshawytscha, interferon response, 

apoptosis, translational arrest, antiviral activity 
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Introduction 

The host innate immunity is the first line of defense against viral infections. Rapid and efficient 

detection of viruses is critical to mount an immune response capable of limiting virus replication and 

propagation to neighboring cells. It is well established that pathogen-associated molecular patterns 

(PAMPs) are recognized by sensors called pattern recognition receptors (PRRs). Activation of PRRs 

triggers signaling cascades, which subsequently leads to the production of host defense molecules, 

including type I interferons (IFNs), proinflammatory cytokines and chemokines. Type I IFNs induce 

the transcription of hundreds of IFN-stimulated genes (ISGs), including effector genes, which can 

have direct antiviral actions or modulate cell physiology to inhibit viral infection, replication and 

propagation 1. 

Eukaryotic translation initiation factor 2 alpha kinase 2 (EIF2AK2), better known as dsRNA-

dependent protein kinase (PKR), is one of the most studied proteins encoded by an ISG. It is 

recognized as a multifunctional key factor of innate immunity, as it acts both as a sensor and an 

effector in response to viral infections. Mammalian PKR is constitutively and ubiquitously expressed 

at low levels in all tissues and as all ISG products, its expression is induced by a variety of stress 

associated responses, including type I IFNs, LPS stimulation and viral infections 2,3. Structurally, 

PKR contains an N-terminal regulatory region with two dsRNA-binding motifs (dsRBMs) and a C-

terminal kinase domain 2,4. PKR requires an activation step to be fully catalytically functional 5,6. This 

activation is primarily mediated by binding to dsRNA, which is produced during the replication cycle 

of RNA viruses 6. Interactions with dsRNA occur through its dsRBMs, leading to homodimer 

formation mediated by the N-terminal lobe of the kinase domain 4,7. PKR dimerization induces 

conformational changes that allow the trans autophosphorylation of the activation loop at critical 

conserved threonine residues 7. Once activated, PKR phosphorylates the α-subunit of the eIF2 

complex, which is required for the initiation of mRNA translation. Phosphorylation of eIF2α blocks 

the recycling of inactive eIF2-GDP complex by the GTP exchange factor eIF2B, resulting in the 

inhibition of the cell translation machinery 8. 

Although PKR is best described for its effect on protein translation, it is also involved in many other 

antiviral mechanisms. Overexpression of mammalian PKR is known for promoting apoptosis in 

transfected cells via both the intrinsic mitochondrial and extrinsic death receptor pathways 9–12 while 

Pkr-/- mouse embryonic fibroblasts (MEFs) or PKR-/- Hela cells displayed resistance to apoptosis in 

response to dsRNA, TNF-α, or LPS 13,14. The molecular mechanisms underlying PKR-mediated 

apoptosis involve eIF2α phosphorylation-dependent induction of specific stress response genes 14–18 

and activation of transcription factors NF-κB and p53 19–21. PKR was also reported to modulate the 
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inflammatory and the type I IFN responses, by activating mitogen-activated protein kinases 

(MAPKs)-dependent22–24 and NF-κB signaling pathways20,25 and enhancing type I IFN production 

upon infection with some but not all viruses 21,26–29. In most cases, the precise role of PKR in the 

activation of these different pathways remains elusive and whether PKR acts directly or indirectly 

has not been fully clarified. The importance of PKR role in the antiviral response is further 

emphasized by the numerous subversion strategies developed by viruses to antagonize PKR-mediated 

antiviral mechanisms, as recently reviewed by Cesaro and Michiels 30. 

Orthologs of mammalian PKR have been found in fish genomes, in cartilaginous fish as well as bony 

fish 31. Some teleost fish families, including cyprinids, salmonids and clupeids, also possess a fish-

specific paralog of pkr, called pkz, which encodes a Z-DNA-dependent protein kinase 32. pkz genes 

in fish were isolated before fish pkr genes, in Crucian carp 33, zebrafish 34 and Atlantic salmon 35, 

among other species. Although most studies on fish PKR did not dissect the structure-function 

relationship as extensively as in mammals, they indicate that most antiviral functions attributed to 

mammalian PKR are overall conserved in these organisms. Briefly, a few studies have reported that 

fish PKR (and PKZ) are able to phosphorylate eIF2α and inhibit de novo protein synthesis 36–40, trigger 

apoptosis 38,41,42, modulate the NF-κB signaling pathway 36,43 and the production of type I IFN 44,45, 

although the molecular mechanisms have not been investigated. Of note, in fish, most studies were 

performed using overexpression approaches, which generally lead to unnaturally high levels of the 

protein of interest. A few other studies have also used knock-down approaches based on morpholino 

oligonucleotides 46, short interfering RNAs 40 or chemical inhibition 44,47 but to the best of our 

knowledge, no knockout in cellulo fish models have been developed so far. 

In this study, we identified and cloned three different isoforms of pkr in a salmonid cell line from 

Chinook salmon (Oncorhynchus tshawytscha). To investigate their respective antiviral functions, we 

used both overexpression and knockout approaches. For this purpose, we developed the first pkr 

knockout clonal fish cell line using CRISPR/Cas9 genome editing. We showed that PKR is involved 

in apoptosis activation and plays a major role in translational arrest upon poly(I:C) stimulation but 

not during VHSV infection. Our data further suggest that PKR favors the release of VHSV virions 

into the supernatant at a late infectious stage, likely by triggering apoptosis. Taken together, our 

results indicate that salmonid PKR exhibits conserved molecular functions but the endogenous 

protein does not have a major antiviral effect against VHSV, likely due to evasion strategies evolved 

by the virus.  
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Material and methods 

1. Cell lines, culture conditions and viruses 

The Epithelioma papulosum cyprinid (EPC) cell line was grown in Leibovitz’s L-15 medium (Gibco) 

supplemented with 10% fetal bovine serum (FBS, Eurobio) and penicillin (100 U/mL)-streptomycin 

(100 μg/mL) (P/S) (BioValley). The Chinook salmon (Oncorhynchus tshawytscha) embryo (CHSE-

214) cell line was maintained in Glasgow’s modified Eagle’s medium (GMEM) containing 25 mM 

HEPES (Biosera) supplemented with 10% FBS, 2 mM L-glutamine (Eurobio), and penicillin 

(100 U/mL)-streptomycin (100 μg/mL). The CHSE-EC cell line, that was previously genetically 

modified to stably express a monomeric enhanced green fluorescence protein (mEGFP) 48, as well as 

its derivatives were grown in L-15 medium supplemented with 10% FBS, penicillin (100  U/mL)-

streptomycin (100 μg/mL), 500 μg/mL G418 (Invivogen), 30 μg/mL hygromycin B Gold 

(Invivogen). All cell lines were maintained at 20°C without CO2. 

Recombinant viral hemorrhagic septicemia virus expressing tomato red fluorescent protein (rVHSV-

Tomato) was a kind gift from Dr. Stéphane Biacchesi (Université Paris-Saclay, INRAE, UVSQ, VIM, 

Jouy-en-Josas, France) 49. rVHSV-Tomato was propagated in EPC cells (multiplicity of infection 

(MOI) of 1): briefly, the virus was adsorbed onto the cells for 1h at 14°C with regular gentle shaking; 

L-15+2% heat-inactivated FBS was added afterwards and the supernatants were collected at 5 days 

post-infection, 0.2 µm-filtered, aliquoted and stored at -80°C. Golden shiner virus (GSV) was 

propagated in CHSE-214 (MOI 1.5) at 22°C in GMEM+2% FBS, as described above for rVHSV-

Tomato. At 10 days post-infection, the remaining cells were scraped and the cell suspension was bath-

sonicated (4 x 1 min at ~40 kHz) (EMAG AG), clarified at 400 g for 5 min, 0.2 µm-filtered, aliquoted 

and stored at -80°C. rVHSV-Tomato and GSV titers were determined by plaque assay (as described 

in section 11). 

2. Development and validation of a pkr-/- cell line 

The previously established CHSE-EC cell line (hereafter referred to as EC) was used to develop a 

pkr-/- cell line. Four single guide RNAs (sgRNAs) were designed within the first and second coding 

exons of the pkr gene (LOC112253229, LG24), using CRISPOR v5.01 web tool (Table I) 50. To 

ensure the specificity of the sgRNAs, care was taken that no off-target genes with more than 3 

mismatches in the first 12 bp adjacent to the PAM (most likely off-targets) were identified in the 

Chinook salmon genome (Otsh_v2.0, NCBI RefSeq assembly GCF_018296145.1). A sgRNA 

targeting the mEGFP gene was also used as previously designed 48. 

The sgRNAs were synthesized using the T7 RiboMAX™ Express Large Scale RNA Production 

System kit (Promega) using 0.5 µg of each primer, incubated with 1µL of RQ1 DNase (Promega) for 
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1h at 37°C and purified using TRIzol™ reagent (Invitrogen), according the manufacturers’ 

instructions. The sgRNAs were resuspended in RNase- and DNase-free water and quantified using a 

Nanodrop spectrophotometer. The purity of the sgRNAs was checked on a 2% agarose-EtBr gel 

before or after a 30 min treatment with RNase A (Qiagen) at room temperature. Each sgRNA was 

mixed with recombinant TrueCut™ Cas9 Protein v2 (Invitrogen) at a 1:1 molar ratio (0.2 µg sgRNA 

and 1 µg rCas9 i.e. 6.1 pmol each in 2 µL) and incubated at room temperature for 20 min. The sgRNA-

mEGFP/Cas9 complex was mixed with each sgRNA-PKR/Cas9 complex at 1:1 volume ratio in 

resuspension buffer R (Neon™ Transfection System kit, Invitrogen) (1 µL of each complex in a final 

volume of 5 µL). The mix was transfected into EC cells using the Neon™ Transfection System 

(Invitrogen): EC cells were prepared as described in section 4 and 5 µL of cell suspension at 2 x 107 

cells/mL was mixed with 5 µL of sgRNA/Cas9 complex (i.e. 1 x 105 cells, 6.1 pmol of Cas9 and 6.1 

pmol of sgRNA per 10 µL of transfection reaction). The cells were transfected using the same 

conditions established for plasmids, as described in section 4. All transfected cells (~5 x 105 cells) 

were mixed in 5 mL L-15+10%FBS+P/S in a 25 cm2 flask (Sarstedt) and incubated at 20°C for 3-4 

weeks. 

Once the cell population reached confluency, the transfected cells were passaged (surface ratio 1:4), 

and ~2 x 106 cells were used for genomic DNA extraction using NucleoSpin Tissue Mini kit 

(Macherey-Nagel), according to the manufacturer’s instructions. Genomic DNA segments containing 

the targeted sites were amplified by PCR using GoTaq® G2 Flexi DNA Polymerase (Promega) using 

the following genotyping primers: PKR-gen1-F/PKR-gen1-R and PKR-gen2-F/PKR-gen2-R for pkr 

coding exon 1 and exon 2, respectively (Table I). The PCR cycling program was performed in a 

thermal cycler (Eppendorf) and was as follows: 94°C for 3 min then 35 cycles of 94°C for 15 s, 58°C 

for 15 sec, 72°C for 40 sec, and a final extension of 72°C for 5 min. The PCR products were purified 

using NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel) and directly sequenced using 

the same amplification primers (Sanger sequencing service, Eurofins) (Table I). Sequences were 

analyzed using Synthego ICE analysis tool v3 (Synthego) 51 to assess the percentage of mutated cells 

in the transfected cell populations (bulks). sgRNA-PKR2-4 failed to show any genome editing at the 

targeted sites so only the bulks transfected with sgRNA-PKR1 were further used for clonal isolation. 

Cells from two independent cell populations transfected with sgRNA-PKR1 were either manually 

isolated or sorted by FACS, respectively. For manual isolation, ~1 x 105 cells were seeded in a 6-well 

plate and serially diluted (6-fold dilutions) in duplicates. Three to four weeks post-seeding, clonal 

cell patches were marked, analyzed under a fluorescent Axio Observer Z1 microscope (Zeiss, 

Oberkochen, Germany) and ~50 mEGFP-deficient clones were selected, detached mechanically by 

scraping with a pipette tip and sub-cultured into 48-well plates. After 3-4 weeks, 22 clones were sub-
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cultured and propagated in 25 cm2 flasks and their genotype was characterized as described above. 

For FACS-sorted clones, cells were detached by trypsin-EDTA action and mEGFP-deficient single 

cells at a density of ~4 x 106 cells/mL were individualized by a BD FACSAria™ Fusion Flow 

Cytometer (Institut Pasteur, Paris, France) using a 100 µm nozzle into a 96-well plate (Sarstedt) in L-

15 supplemented with 10% FBS, penicillin (200 U/mL)-streptomycin (200 μg/mL), 500 μg/mL G418 

and 30 μg/mL hygromycin B Gold. Seven weeks later, 5 clones were sub-cultured and propagated in 

25 cm² flasks and their genotype was characterized as described above. 

Two manually isolated clones, EC-PKR-C19 and EC-PKR-C28, presenting a 1-nt insertion 

(29_30insT resulting in V11fsX22, KO) and a 6-nt deletion (30_35delGTGCGA, resulting in 

C11_E12del, WT-like) at the sgRNA targeted site respectively, and two FACS-sorted clones, EC-

PKR-C3 and EC-PKR-C5, presenting the same 1-nt insertion (29_30insT resulting in V11fsX22, KO) 

at the targeted site, were kept for knock-out validation by western blot. For this purpose, these clones 

and the WT EC cell line were seeded into 6-well plates at a density of 1.2 x 106 cells/well in L-

15+2%FBS+P/S. The next day, cells were stimulated in triplicates with Salmo salar IFNA2 

supernatant (produced as described in section 5) diluted to 1:10 in L-15+2%FBS+P/S or left untreated 

and incubated at 20°C. At 72h post-stimulation, medium was removed, cells were washed once with 

ice-cold DPBS, scraped in 1 mL ice-cold DPBS supplemented with 2.5 mM EDTA and centrifuged 

at 1500 g at 4°C for 5 min. The cell pellets were drained, resuspended in 100 µL NP-40 lysis buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP40, 1 mM DTT, 10% glycerol, 

cOmplete™ protease inhibitor (Merck), PhosSTOP™ phosphatase inhibitor (Merck)) and lysed for 

45 min at 4°C under gentle shaking. The cell lysates were clarified by centrifugation at 5000 g at 4°C 

for 5 min and stored at -80°C until use for western blot analysis as described in section 7. 

3. Plasmid constructions 

Chinook salmon pkr open reading frame (ORF) sequences were identified in silico using NCBI 

Reference Otsh_v2.0 Primary Assembly and predicted transcripts XM_042305680.1 and 

XM_042305681.1. Total RNA from 1.5 x 106 EC cells infected with rVHSV-Tomato (MOI 1) at 48 

and 72hpi in triplicates was extracted using the QiaShredder and RNeasy mini kits (Qiagen) according 

to the manufacturer’s instructions. RNA (1 µg) was used as template for reverse transcription and 

generation of cDNA using the QuantiTect Reverse Transcription kit (Qiagen) with random primers. 

The cDNA was diluted two-fold with RNase-free water and used as template to amplify the pkr ORF 

sequence. Nested PCR amplifications were performed using Q5 2X High-Fidelity mastermix (New 

England Biolabs) and 2 sets of specific primers according to the manufacturer’s instructions: OtPKR-

R0-F/ OtPKR-R0-R and OtPKR-R0bis-F/OtPKR-R0bis-R were used for the first PCR round while 

OtPKR-P2A-F and OtPKR-HindIII-R were used for the second PCR round (Table I). The PCR 
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cycling programs were performed in a thermal cycler (Eppendorf) and were as follows: 98°C for 30 

sec followed by 35 cycles of 98°C for 15 s, 66°C (1st round) or 60°C (2nd round) for 15 sec, 72°C for 

90 sec, and a final extension of 72°C for 2 min. PCR products were purified with the NucleoSpin Gel 

and PCR Clean-up Mini kit (Macherey-Nagel) and sent to sequencing. Purified PCR products were 

digested with HindIII enzymes (Thermofisher), cloned into HindIII/EcoRV-digested pcDNA3.1-Zeo-

BFP vector using T4 DNA ligase (New England Biolabs) according to the manufacturer’s instructions 

and fully sequenced. The pcDNA3.1-Zeo-BFP vector was initially obtained by subcloning the BFP 

gene amplified from pCite-P-BFP 52 into a pcDNA3.1-(-)-Zeo backbone (Invitrogen) using BFP-

F/BFP-R primers (Table I) followed by XhoI/HindIII digestion. The pCite-PBFP plasmid was a kind 

gift from Dr. Hortense Decool (Université Paris-Saclay, INRAE, UVSQ, VIM, France). All plasmids 

were produced in Stellar™ Competent Cells (Takara) and were purified using NucleoBond Xtra Maxi 

EF (Macherey-Nagel) according to the manufacturer's instructions. 

4. Transfections 

Transfections were performed by electroporation using the Neon™ Transfection System (Invitrogen) 

as described previously 48. Briefly, the cells were washed in DPBS (Sigma-Aldrich), detached by 

trypsin-EDTA action, resuspended in L-15+10%FBS+P/S and centrifuged at 400 g for 5 min. The 

cell pellet was drained, resuspended in L-15 without Phenol Red (Gibco), centrifuged at 13 000g for 

30 sec, and resuspended again in L-15 without Phenol Red. The cell concentration was adjusted to 

2 x 107 cells/mL. Depending on the experiment, the cell suspension was mixed with various plasmid 

constructs (Table II) to reach a final concentration of 0.5 µg/1 x 105 cells in 10 µL of transfection 

reaction. A fluorescent vector (mEGFP or RFP-KDEL) was added to verify and/or normalize 

transfection efficiency between each condition. 

The cells were then transfected using the same conditions established for plasmids for CHSE-214 

cells or EPC cells 53. Briefly, transfections were carried out in an electroporator MPK5000 (Neon™ 

Transfection System, Invitrogen) using either a 10 μL or a 100 µL transfection kit (Neon™ 

Transfection System, Invitrogen) set to two pulses for 20 ms at 1300 V (CHSE-214 and derivatives) 

or 1400 V (EPC). All transfected cells were mixed in L-15+10%FBS+P/S, split into flasks or plates 

(depending on the experiment) and incubated at 20°C for a time determined for each experiment. 

5. Production of Salmo salar IFNA2 supernatant 

In order to produce IFNA2-containing supernatant, 44 x 106 EPC cells were transfected with 

pcDNA3.1-Zeo-ssIFNA2 54 or pcDNA3.1-Zeo-mEGFP (control) using the conditions described in 

section 3. The transfected cells were pooled in 24 mL of L15+10%FBS+P/S, split into two 75 cm2 

flasks and incubated at 20°C. At 48h post-transfection, supernatants were collected and clarified by 

centrifugation 400 g, 5 min, 0.2 µm filtered, aliquoted and stored at -80°C until use. The RTG-P1 cell 
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line (ATCC CRL-2829), which constitutively expresses the firefly luciferase gene under the promoter 

of the IFN-induced mx1 gene 55, was used to determine the IFN activity of the IFNA2 supernatants 

produced. Briefly, 1:4 serial dilutions in L-15 of the harvested supernatants were applied onto 4.5 x 

104 RTG-P1 cells in 96-well plates in quadruplicates and cells were incubated at 20°C. At 30h post-

stimulation, medium was removed and 75 µL of Steady-Glo® Luciferase Assay System (Promega) 

was added in each well and the cell lysates were processed as described in section 8. 

6. Real-time quantitative PCR 

EC (WT) cells were seeded in 6-well plates to a final density of 1.5 x 106 cells/well in L-

15+2%FBS+P/S. The next day, cells in triplicates or quadruplicates were infected with rVHSV-

Tomato (MOI 1) at 14°C for 8 or 24h, stimulated with recombinant Salmo salar IFNA2 supernatant 

(produced as described in section 5) diluted to 1:10 in L-15+2%FBS+P/S for 72h or left untreated. 

Total RNA was extracted from cells in individual P6 wells in triplicates or quadruplicates using 

QiaShredder and RNeasy mini kits (Qiagen) in accordance with the manufacturer’s instructions. 

Quality control of the samples was determined using a Nanodrop spectrophotometer. The cDNA was 

generated from 1.5 µg of total RNA using the iScript™ Advanced cDNA Synthesis Kit for RT-qPCR 

(BioRad) and the synthesis was performed in a thermal cycler (Eppendorf) as recommended by the 

manufacturer. cDNA was diluted to 1:3 in DNase- and RNase-free water and stored at -20°C until 

use. “No RT” control reactions were made by omitting the reverse transcriptase. The cDNA was 

mixed with TB Green qPCR Premix Ex Taq (Tli RNaseH Plus) (Takara) along with forward and 

reverse primers (Table III) at a final concentration of 210 nM each in Twin.tec® real-time PCR plates 

(Eppendorf). Amplification was performed using a CFX Connect cycler (BioRad) using the following 

cycling program: initial denaturation at 95°C for 30 sec followed by 40 cycles of 10 sec at 95°C and 

30 sec at 60°C. For each biological replicate, mean Cq values of target genes were calculated based 

on technical duplicate reactions and then normalized using the geometric mean of Cq values of 3 

housekeeping genes (otelf1α, otrps29, otgapdh3). The relative expression of each target gene (otpkr-

fl, otpkr-ml, otpkr-fl and otmx123) was expressed as 2−∆Cq, which was then used to calculate their 

respective fold change in comparison to non-stimulated cells. 

For each set of primers, the efficiency was calculated by linear regression obtained by using ten-fold 

serial dilutions of plasmid containing the target sequence (target genes) or of a pool of cDNA 

(housekeeping genes) and the qPCR products were validated by gel migration and sequencing. For 

the primers targeting each PKR isoform, the specificity of each primer set was validated by checking 

their cross-reactivity using plasmid constructs developed in this study. 
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7. Immunoblotting 

Aliquots of 60 μL of cell lysates (obtained as described in sections 2 and 8) were mixed with 30 μL 

Laemmli buffer (45 mM Tris, 345 mM glycine, 38% glycerol, 4.8% SDS, 20% β-mercaptoethanol, 

0.04% bromophenol blue) and incubated at 100°C for 5 min. 

A volume of 8 µL of cell lysates was loaded on 10% or 12% polyacrylamide gels and protein samples 

were separated by electrophoresis in Tris-glycine buffer (25 mM Tris, 192 mM glycine, pH 8,3). 

Proteins were then transferred onto a nitrocellulose membrane (BioRad) using the mixed molecular 

weight program from the Trans-Blot® Turbo™ Transfer System (BioRad). The blots were blocked 

either with 5% non-fat milk or 5% BSA in TBST (10 mM Tris pH 7.4, 150 mM NaCl, 0.1% Tween 

20) for 1h at room temperature and then incubated with primary antibodies overnight at 4°C. The 

following primary antibodies were used with the dilution factors and buffers indicated in Table VI: 

rabbit anti-PKR antiserum, mouse monoclonal anti-GFP, rabbit polyclonal anti-eIF2α-P, mouse 

monoclonal anti-puromycin, mouse monoclonal anti-VHSV N, rabbit anti-GSV antiserum, rabbit 

anti-Mx123 antiserum. The custom-made anti-PKR antibody, initially raised again Salmo salar PKR 

47, was a generous gift from Pr. Øystein Evensen (NMBU, Oslo, Norway). The anti-VHSV N 

antibody was a kind gift from Dr. Stéphane Biacchesi (Université Paris-Saclay, INRAE, UVSQ, VIM, 

Jouy-en-Josas, France). The anti-Mx123 antibody, raised against rainbow trout Mx3 56, was a 

generous gift from Dr. Marta Alonso-Hearn (Department of Animal Health, NEIKER-Basque 

Institute for Agricultural Research and Development, Basque Research and Technology Alliance, 

Derio, Spain) and Pr. Jorunn Jorgensen (UiT The Arctic University of Norway, Tromsø, Norway). 

The blots were washed 5 times in TBST, incubated with horseradish peroxidase (HRP)-conjugated 

anti-mouse or anti-rabbit (1:4000) secondary antibodies (SeraCare), washed 4 times in TBST and 

once in PBS. Western blots were developed using ClarityTM Western ECL substrate (BioRad) and 

detected using ChemiDoc Touch Imaging System (BioRad). After the first detection, the membrane 

was washed twice with TBST, stripped for 15 min at 37°C using Restore™ Plus buffer (Thermo 

Scientific), washed twice in TBST, saturated with TBST-5% non-fat milk for 1h and re-probed with 

a new primary antibody for 2.5h-3h and developed as described above. The following primary 

antibodies were used for the second round of detection: mouse monoclonal anti-α-tubulin antibody, 

rabbit polyclonal anti-actin, mouse monoclonal anti-eIF2α (Table IV). Densitometric analysis of the 

blots was performed using Image Lab software (v 6.1.0, Biorad). 

8. Assays for assessing translation inhibition activity of Chinook salmon PKR 

The translation inhibition activity of Chinook salmon PKR was assessed by luciferase assay and 

immunoblotting. Luciferase assay is a method commonly used for detecting protein synthesis 

inhibition activity of PKR in mammalian models and other vertebrates 36–38,40,46,57,58 and was adapted 



 Results 1 – PKR  

122 

to quantify the translation inhibition activity of PKR isoforms. For this purpose, EC-PKR-C19 cells 

were co-transfected with pcDNA3.1-Hyg-RFP-KDEL (0.2 µg/10 µL), pcDNA3-Neo-Luc 

(0.25 µg/10 µL) and either pcDNA3.1-Zeo-BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-FL/ML/SL 

(0.25 µg/10 µL) or mock transfected, split into 96-well plates (~1 x 104 cells/well in 16 wells per 

condition) and incubated at 20°C. At 24h post-transfection, medium was removed, 100 µL DPBS was 

added into each well and RFP fluorescence was measured using a fluorometer (Tecan Infinite 

M200PRO) with excitation and emission wavelengths of 544 and 603 nm, respectively. Then, DPBS 

was removed, 75 µL of Steady-Glo® Luciferase Assay System (Promega) was added in each well 

and the cell lysates were incubated in the dark at room temperature for 5 min. Cell lysates were 

transferred into a flat-bottom white-walled plate (Greiner Bio-One) and luminescence was measured 

using a Tecan Infinite M200 Pro luminometer over an integration period of 1000 ms (Tecan, 

Männedorf, Switzerland). The luminescence value from each well was corrected by subtracting the 

mean values obtained from the wells containing medium (blank), normalized to the corrected 

fluorescence value from each well and graphed as fold change relative to the BFP transfected cells. 

In a similar fashion, the protein synthesis inhibition activity of PKR isoforms was assessed by western 

blot using mEGFP as a reporter system and puromycin as a marker of de novo protein synthesis. For 

this purpose, EC-PKR-C19 cells were co-transfected with pcDNA3-Hyg-mEGFP (0.2 µg/10 µL) and 

either pcDNA3.1-Zeo-BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-FL/ML/SL (0.5 µg/10 µL) or mock 

transfected, split into 6-well plates (~1.5 x 106 cells/well in quadruplicates) and incubated at 20°C for 

30h. In parallel, cells were either treated with cycloheximide (CHX, 50 µg/mL, Thermofisher) for 

24h or treated with thapsigargin (Tg, 2 µM, Merck) for 30 min. Both drugs are well-established 

translation inhibitors were used as positive controls for translational inhibition 59,60. At 30h post-

transfection, cells were pulsed with 5 µg/mL puromycin (Gibco) diluted in growth medium for 15 

min at 20°C. The cells were then processed as described in section 2, with a lysis step performed in 

75 µL NP-40 lysis buffer, and cell lysates were stored at -80°C until use for western blot analysis as 

described in section 7. 

For knockout experiments, poly(I:C) treatment and virus infections were carried out. Poly(I:C) 

transfections and not simple incubation were performed, as CHSE-214 are known for not responding 

to extracellular poly(I:C) 61. Non-stimulated or IFN-pretreated EC, EC-PKR-C28 and EC-PKR-C19 

were transfected with high molecular weight poly(I:C)-rhodamine (Invivogen) at a final 

concentration of 0.15 µg per 1 x 105 cells per 10 µL of transfection reaction. Transfected cells were 

split into 12-well plates (~3.3 x 105 cells/well in triplicates), incubated at 20°C for 24h. For virus 

infections, EC, EC-PKR-C28 and EC-PKR-C19 were seeded in 6-well plates to a final density of 

1.5x106 cells/well in L-15+2%FBS+P/S. The next day, cells were infected in triplicates with rVHSV-
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Tomato or GSV at MOI 1 or left uninfected and incubated at 14°C or 22°C, respectively. At 24h post-

transfection or 16, 24 and 40h post-infection, cells were pulsed with puromycin and processed as 

described above until use for western blot analysis. 

9. Apoptosis assay 

Apoptosis was assessed by genomic DNA (gDNA) fragmentation and by measuring enzymatic 

activity of caspase 3/7, caspase 8 and caspase 9. 

For the gDNA fragmentation assay, EC-PKR-C19 cells were co-transfected with pcDNA3.1-Hyg-

RFP-KDEL (2 µg/100 µL) and either pcDNA3.1-Zeo-BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-

FL/ML/SL (5 µg/100 µL). Around 4 x 106 transfected cells were seeded in 25 cm² flasks incubated 

at 20°C. At 6hpt, growth medium was removed, cells were washed three times in PBS to eliminate 

dead cells and new growth medium was added into each flask. At 72 hpt, growth medium was 

collected, pooled with trypsinized cells and centrifuged at 400 g for 5 min. The cell pellets were 

drained and used for genomic DNA extraction using NucleoSpin Tissue Mini kit (Macherey-Nagel), 

according to the manufacturer’s instructions. For each condition, 3 µg of gDNA was loaded onto a 

1.5% agarose-EtBr gel for each condition. 

The enzymatic activity of caspase 3/7, caspase 8 and caspase 9 was measured by using the Caspase-

Glo® 3/7 assay kit (Promega), in accordance with the manufacturer’s instructions. For overexpression 

experiments, EC-PKR-C19 cells were co-transfected with pcDNA3.1-Hyg-RFP-KDEL 

(0.2 µg/10 µL) and either pcDNA3.1-Zeo-BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-FL/ML/SL 

(0.5 µg/10 µL) or mock transfected with water instead of plasmid. A volume of 75 µL of transfected 

cells was seeded in 96-well plates (Sarstedt) to a final density of 1x105 cells/well and incubated at 

20°C. In parallel, EC-PKR-C19 cells were stimulated with staurosporine (STS, 1µM, Santa Cruz) or 

infected with GSV (MOI 1) and incubated at 22°C for 24h. At 72h post-transfection or 24h post-

treatment (STS or GSV), 75 µL of either Caspase-Glo® 3/7, Caspase-Glo® 8 or Caspase-Glo® 9 

reagent was added to each well (8 and 4 technical replicates per condition for transfection and 

treatment conditions, respectively). The plates were gently shaken on a plate shaker for 30 sec and 

incubated in the dark at room temperature for 30 min. The luminescence levels in the cell lysates 

were measured as described above in section 8. For knockout experiments, EC, EC-PKR-C28, EC-

PKR-C19, EC-PKR-C3 and EC-PKR-C5 cells were seeded in 96-well plates to a final density of 5 x 

104 cells/well in L-15+2%FBS+P/S. The next day, the growth medium was removed and the cells 

were infected in quadruplicates with 75 µL of rVHSV-Tomato suspension at MOI 10, MOI 1 or MOI 

0.1 or left uninfected and incubated at 14°C. At 24, 48 and 72 hpi, cells were lysed with 50 µL of 

Caspase Glo® 3/7 reagent and the same protocol described above was applied for luminescence 

measurement. 
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10. rVHSV-Tomato fluorescence monitoring 

The replication of rVHSV-Tomato in cells expressing PKR isoforms or in knockout cell lines was 

monitored by sequential fluorescence measurement. For overexpression experiments, EC-PKR-C19 

cells were co-transfected with pcDNA3.1-Pur-mEGFP (0.2 µg/10 µL) and either pcDNA3.1-Zeo-

BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-FL/ML/SL (0.5 µg/10 µL) or mock transfected and split in 

quadruplicates in 96-well plates and incubated at 20°C for 24h. For knockout experiments, EC, EC-

PKR-C28, EC-PKR-C19, EC-PKR-C3 and EC-PKR-C5 cells were seeded in 96-well plates to a final 

density of 5x104 cells/well in L-15+2%FBS+P/S. The next day, the medium was removed and cells 

were infected in quadruplicates (overexpression experiment) or octuplicates (KO experiment) with 

rVHSV-Tomato at MOI 0.1, 1 or 10 in L-15 without Phenol Red (Gibco)+2%FBS+P/Sor left 

uninfected. At 24, 32, 48, 56, 72, 80 and 96h post-infection, the tomato red fluorescence was 

measured using a fluorometer (Tecan Infinite M200PRO) with excitation and emission wavelengths 

of 548 and 593 nm, respectively. The fluorescence values were corrected by subtracting the mean 

values obtained from the non-infected wells. 

11. Virus titration in extracellular supernatants and intracellular sonicates 

EC, EC-PKR-C28, EC-PKR-C19 cells were seeded in 25 cm² flasks to a final density of 4x106 

cells/flask in L-15+2%FBS+P/S. The next day, cells were infected in quadruplicates with rVHSV-

Tomato at MOI 1 incubated at 14°C. At 96 h post-infection, the supernatants (4 mL) were collected 

and kept on ice. The remaining cells were washed 3 times in cold DPBS, scrapped in 2 mL of new 

growth medium and bath-sonicated (4 x 1 min~40 kHz) (EMAG AG). Supernatants and sonicates 

were clarified by centrifugation at 400 g for 5 min and virus titers were determined by plaque assay 

on EPC cells under a carboxymethylcellulose overlay (0.75% in MEM (Eurobio) supplemented with 

25 mM HEPES, 2 mM L-glutamine, 350 mg/L NaHCO₃, 2.5% FBS and P/S. At 3 to 4 dpi, cell 

monolayers were fixed with 3.7% formol for 1h at room temperature, stained with 0.5% crystal violet 

and plaque forming units (PFU) were counted. 

12. Statistical analysis 

Results shown in each figure were derived from at least two independent experiments; the data 

presented are means ± standard deviation (SD). Statistical tests used are indicated in the legend of 

each. All statistical analyses were performed using GraphPad Prism software version 9.5.1. 
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Results 

Diversity of pkr mRNA isoforms in salmonid EC cells 

In addition to the two rounds of whole genome duplication (WGD) events that occurred during the 

early evolution of chordates and vertebrates, the genomes of salmonid fish have undergone two 

supplementary WGD rounds, including a teleost-specific third WGD that dates back to 225-333 

million years ago and a salmonid-specific WGD ~80-100 million years ago 62–64. As a consequence, 

for each single-copy gene in tetrapods, up to four copies can be found in distinct loci in salmonids, if 

all have been retained. In reality, following WGD events, duplicated genes can either be lost, 

pseudogenized, sub- or neo-functionalized, with frequent additional tandem duplication events 65. In 

mammals and birds, the pkr gene is typically unique 31,32. In contrast, two or three pkr paralogs have 

been reported in amphibians (e.g. Xenopus laevis and X. tropicalis) 32. Similarly, several fish genomes 

also comprise two or more pkr paralogs and several ancient paralogs including pkz (Ensembl release 

110). In salmonids, tBlastn analysis revealed a unique pkr gene in species belonging to genus Salmo 

and Oncorhynchus. In the genome of Chinook salmon (Oncorhynchus tshawytscha), the pkr gene 

was found at the locus LOC112253229 on LG24. The sequences of predicted isoforms 

XP_042161614.1 and XP_042161615.1, which result from alternative splicing, contain 729 and 728 

amino acids, and share 34.5%, 33.6% and 35.2% identity with human PKR (NP_001129123.1), 

chicken PKR (NP_989818.3) and amphibian PKR (NP_001091256.1), respectively.  

We first analyzed the diversity of pkr mRNAs in CHSE-EC cells (hereafter referred to as EC) 48. 

Amplification of the full-length CDS using cDNA of rVHSV-Tomato-infected EC cells resulted in 3 

distinct products of 2187 bp, 1122 bp and 464 bp, respectively (Figure 1A, Table V). In the following 

paragraphs, these three products will be referred to as pkr-fl (full length), pkr-ml (medium length) and 

pkr-sl (short length). The pkr-fl product matched the predicted pkr transcript (XM_042305681.1) with 

99.95% identity. It spans 19 exons, which corresponds to NCBI’s predicted model, and encodes a 

728 aa polypeptide matching the predicted PKR protein (XP_042161615.1) with 99.86% identity. In 

contrast, the two shorter 1122 pb (pkr-ml) and 464 pb (pkr-sl) products covered 51% and 21% of the 

sequence, respectively, and comprise 9 exons and 6 exons only. Of note, missing exons from pkr-ml 

were also absent in pkr-sl and were all located in the middle part of the ORF. pkr-ml and pkr-sl are 

likely products of alternative splicing and encode polypeptides of 373 aa and 107 aa, respectively. 

Using SMART (Simple Modular Architecture Research Tool) 66,67 and InterProScan database, three 

double-stranded RNA binding motifs (dsRBM1-3) and a kinase domain were identified in the N-

terminal and C-terminal domains of PKR-FL, respectively (Figure 1C). This organization of 

functional domains is generally shared by PKR of other vertebrates. Indeed, although only two 
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dsRBMs are found in mammalian and amphibian PKR, the numbers of dsRBMs present in fish PKR 

actually varies from one to three 32. Importantly, PKR-ML only contains one complete dsRBM and 

the N-terminal portion of a second dsRBM fused to a truncated kinase domain, while PKR-SL only 

comprises one dsRBM and no kinase domain. 

Several important structural features known in mammalian PKR are conserved in Chinook salmon 

PKR. The dsRBM(s) of all PKR isoforms are highly conserved, as shown by the alignment with 

human PKR dsRBMs and consensus motif reported by Masliah et al. 68. In particular, the three motifs 

of PKR-FL contain most of the residues involved in the canonical α1-β1-β2-β3-α2 fold and/or dsRNA 

binding (Figure 1D). In addition, dsRBM1 matches dsRBM consensus more closely than dsRBM2 

and dsRBM3, as also observed for dsRBM1 and dsRBM2 in human PKR 69. 

The primary structure of PKR-FL kinase domain contains the 11 conserved kinase subdomains 

described by Hanks et al. 70, as mammalian PKR and other protein kinases (Figure 1E). In particular, 

ATP binding motifs can be found, including the canonical Gly-X-Gly-X-X-Gly in subdomain I, Asp-

Leu-Lys-Pro-Ser-Asn in subdomain VI and Asp-Phe-Gln in subdomain VII, which are predicted to 

interact with ATP through Mg2+ salt bridges 2. Subdomain II contains at position 461 the invariant 

lysine residue that is directly involved in the transfer of the phosphate from ATP to its substrate 2. 

Equivalents of the two threonine residues Thr446 and Thr451 in human PKR 71, which are key 

autophosphorylation sites involved in PKR activation, are also present in the so-called activation loop 

of PKR-FL (Thr616 and Thr621). Finally, PKR-FL also contains features specific to eIF2α kinases, 

including an acidic kinase insert, that spans subdomain V and continues in the inter-region between 

subdomains V and VI, and a conserved eIF2α kinase motif located a few amino acids away from the 

kinase insert, that is required for PKR kinase activity 32,57. On the other hand, PKR-ML is missing the 

first 78 amino acids of a full-length kinase domain, which comprise domains I to V. The invariant 

lysine residue of subdomain II is also absent from PKR-ML kinase domain. This residue is required 

for mammalian PKR kinase activity 71,72. Therefore, the catalytic activity of PKR-ML is expected to 

be limited or absent. PKR-SL lacks the entire kinase catalytic domain and is expected to be 

catalytically inactive. 

PKR-FL is induced following IFN stimulation but not during VHSV or GSV infections 

The expression profiles of PKR isoforms in response to different stimuli were characterized by 

western blot and RT-qPCR in EC cells stimulated with recombinant Salmo salar IFNA2 or infected 

with two different viruses: viral hemorrhagic septicemia virus (VHSV), an enveloped negative-sense 

single-stranded RNA virus belonging to the genus novirhabdovirus, and golden shiner virus (GSV), 

a naked, double-stranded RNA virus belonging to the genus aquareovirus. A recombinant VHSV 
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encoding the fluorescent protein tdTomato, rVHSV-Tomato, was used to facilitate the monitoring of 

the infection before each sampling timepoint 49. For both viruses, CPE appearance was also visually 

checked and the progression of the infection was verified by western blot using specific antibodies 

(data not shown).  

At the protein level, PKR-FL was constitutively expressed at low levels in non-treated EC cells and 

its expression was significantly induced in IFNA2-stimulated cells at the protein level from 48h post-

stimulation (~1.7-fold increase) to 72h post-stimulation (~2.4-fold increase) (Figure 2A,B). 

However, no induction of PKR-FL was detected during viral infections with either rVHSV-Tomato 

or GSV at any of the time points examined (16-40h post-infection). These results correlate with pkr-

fl expression at the transcript level: a strong induction of pkr-fl mRNA expression was observed after 

at 72h post-stimulation compared to non-stimulated cells (~31-fold increase) (Figure 2D) but no 

significant induction was detected in rVHSV-Tomato-infected cells at 8 or 24hpi. Remarkably, a 

similar response was observed with transcripts of mx1/2/3, which are well-known IFN stimulated 

genes both in mammals and fish 73,74. A ~5 log-fold increase in relative expression was observed upon 

IFNA2 stimulation, while no induction was detected in rVHSV-Tomato infected cells. 

Although recombinant PKR-ML was detected by western blot using the same polyclonal anti-PKR 

serum used to detect PKR-FL, endogenous PKR-ML could not be detected at the protein level in EC 

cells in response to IFNA2 stimulation or virus infection (Figure 2A). However, pkr-ml mRNA was 

amplified by RT-qPCR. Although its expression was lower than pkr-fl at the steady state (Figure 

2C), it displayed a modest but significant induction at 24h post-infection with rVHSV-Tomato and 

upon IFNA2 stimulation (5-fold and 3.8-fold increase, respectively) (Figure 2D). 

Endogenous PKR-SL expression could not be assessed by western blot, as recombinant PKR-SL was 

not detected by our polyclonal anti-PKR antibody. RT-qPCR data revealed a very low expression of 

pkr-sl compared to pkr-ml or pkr-fl (Figure 2C) and no induction was observed upon rVHSV-Tomato 

infection or IFNA2 treatment. 

Overall, our observations show that PKR-FL expression is predominant at both transcript and protein 

levels and is strongly induced by type I IFN but not viral infection in EC cells. On the other hand, 

pkr-ml mRNA expression is slightly induced by both type I IFN and viral infection, contrary to pkr-

sl, which is not induced in all contexts. 
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CRISPR/Cas9-based edition of the pkr gene leads to null mutation and abolishes PKR expression in 

EC cells 

To further characterize Chinook salmon PKR function in the antiviral response, we disrupted the 

unique pkr gene in EC cells, using CRISPR/Cas9 technology. In the following study, four isolated 

clones were further characterized. Three of them, namely EC-PKR-C19; EC-PKR-C3 and EC-PKR-

C5 presented a 1-nt insertion at the targeted cut site leading to a frameshift resulting in the 

introduction of a premature codon at position 22 (29_30insT resulting in V11fsX22) (Figure 3A). A 

fourth clone, EC-PKR-C28, exhibited a 6-nt deletion leading to the deletion of two amino acids, 

Cys11 and Glu12 (30_35delGTGCGA, resulting in C11_E12del). This clone was considered “WT-

like” and it was used as an additional positive control for further experiments. As previous 

experiments showed that IFNA2 was a fast and potent inducer of PKR-FL in EC cells, the PKR 

expression status in each clone was validated by western blot using IFNA2 stimulated cells. Our 

results confirm that PKR-FL was strongly expressed in WT EC cells and WT-like EC-PKR-C28 cells 

stimulated with IFNA2 for 72h, while no induction of PKR-FL was observed in pkr-/- EC-PKR-C19 

and -C3 and -C5 clones (Figure 3B,C). 

Chinook salmon PKR triggers apoptosis during viral infection 

The functional role of mammalian PKR in apoptosis has been widely described in the literature 9,11,13 

and has also been reported in fish 38,39,41. However, the contribution of PKR to apoptotic reaction 

during viral infection remains poorly defined especially in non-mammalian models. We therefore 

characterized the activation of the caspase cascade in EC cells by gain and loss-of-function 

experiments after viral infection. For this purpose, we performed a genomic DNA laddering test, 

which is a hallmark of apoptosis, and used a luminescence-based enzymatic assay to quantify the 

catalytic activity of specific caspases, including Caspase 3/7, Caspase 8 and Caspase 9. Caspase3/7 

is an executioner caspase that is activated downstream of the caspase cascade upon apoptosis 

signaling. It can either be activated by (1) the extrinsic pathway via extracellular signals or (2) the 

intrinsic pathway aka. mitochondrial pathway upon intracellular signals and stresses. Caspase 8 is 

known for being activated by the extrinsic pathway while caspase 9 is mainly activated by the intrinsic 

pathway 75. 

Overexpression of PKR-FL induces apoptosis. To avoid inadvertent activation of endogenous PKR 

in transfected cells, the ability of PKR isoforms to trigger apoptosis was assessed in pkr-/- EC-PKR-

C19 cells transfected with the corresponding expression plasmids. Cells stimulated with staurosporine 

(STS), a well-known activator of apoptosis 76,77 or infected with GSV, a lytic virus known for 

inducing apoptosis (unpublished data), were included as positive controls. Electrophoresis results 
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show gDNA laddering in GSV-infected cells and, to a lesser extent, in STS-stimulated cells, 

suggesting that apoptosis was triggered by both treatments (Figure 4A, right panel). These qualitative 

results were confirmed by measuring caspase enzymatic activity: indeed, caspase3/7 was activated 

upon stimulation with STS or GSV (3.6-fold and 6.5-fold increase, respectively), thereby validating 

the assay (Figure 4B). For cells transfected with PKR-FL but not with PKR-ML and PKR-SL, a faint 

gDNA fragmentation was visible, suggesting the presence of apoptotic cells following overexpression 

of PKR-FL (Figure 4A, left panel).  Similarly, transfection of PKR-FL but not PKR-ML or PKR-SL 

triggered the activation of caspase3/7 in pkr-/- EC-PKR-C19 cells, with a 2.6-fold increase of activity 

compared to BFP transfected cells (Figure 4B). 

To decipher if both extrinsic and intrinsic pathways are involved in PKR-FL-mediated Caspase3/7 

activation, the activation of Caspase 8 and Caspase 9 was assessed after overexpression of PKR 

isoforms (Figure 4C,D). Our data show that both caspase 8 and caspase 9 were activated upon 

overexpression of PKR-FL but not with PKR-ML or PKR-SL, although caspase 8 activation was less 

pronounced (1.2-fold increase for caspase 8 compared to 1.6 fold-increase for caspase 9). Of note, 

caspase 9 but not caspase 8 was activated in EC cells treated with STS, which is known to primarily 

trigger apoptosis via the intrinsic pathway 78,79. 

Loss of function experiment in pkr-/- cells show that endogenous PKR triggers apoptosis during 

VHSV infection. Although PKR-FL was not induced during rVHSV-Tomato infection (Figure 

2A,B), constitutively expressed endogenous PKR could play a role in apoptosis activation during 

viral infection. To test this hypothesis, WT EC cells, WT-like EC-PKR-C28 cells and pkr-/- EC-PKR-

C19, -C3 and -C5 clones were infected with rVHSV-Tomato at two different MOI (MOI 1 or MOI 

0.1) and caspase3/7 activity was measured at 24h, 48h and 72h post-infection. 

Our results show that the caspase 3/7 activity observed in WT EC and WT-like EC-PKR-C28 was 

almost fully abolished in all pkr-/- clones starting from 48h post-infection at MOI 1 (Figure 5A). A 

similar but delayed response was observed at MOI 0.1, with a significantly higher caspase3/7 signal 

in WT EC and WT-like EC-PKR-C28 cells compared to pkr-/- clones that occurred at 72h post-

infection (Figure 5B). Interestingly, caspase 3/7 signal was significantly lower in WT-like EC-PKR-

C28 compared to WT EC cells at 48h post-infection at MOI 1 (Figure 5A) and this difference was 

even more marked at MOI 10 (data not shown). Two hypotheses can explain this discrepancy: (1) the 

6-nt deletion resulting in a 2-aa deletion (Cys11 and Glu12) might alter PKR ability to induce 

apoptosis; (2) as shown in Figure 3C, PKR-FL is slightly but significantly less induced in WT-like 

EC-PKR-C28 upon IFNA2, suggesting that endogenous PKR-FL expression level is somewhat lower 

in this clone for a reason independent from the 2-aa deletion (clonal effect) and as a consequence, 

apoptosis might be slightly less activated. The fact that PKR-FL-C11_E12del isolated from EC-PKR-
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C28 exhibits a similar translation inhibition activity that WT PKR-FL supports the second hypothesis 

(Figure S2).  

Our data illustrate that PKR-FL induces apoptosis via the caspase 8 and caspase 9 pathways and that 

it plays a key role in the activation of apoptosis during rVHSV-Tomato infection. 

Chinook salmon PKR is involved in host translational arrest 

PKR is also known for its role in host translation inhibition in virus infected cells via phosphorylation 

of eIF2α. The role of PKR in protein synthesis inhibition in EC cells was investigated by western blot 

using two different approaches: overexpression of PKR isoforms and activation of endogenous PKR 

with poly(I:C). 

Overexpression of PKR-FL induces a cellular shutoff of host protein translation. To examine 

the role of Chinook salmon PKR isoforms on host protein translation, pkr-/- EC-PKR-C19 cells were 

co-transfected with expression vectors encoding PKR isoforms and with a plasmid featuring a 

reporter gene encoding either mEGFP or firefly luciferase. Protein synthesis was assessed by 

quantification of mEGFP expression by western blot or by luciferase luminescence assay, 

respectively. Importantly, in contrast to WT EC cells, pkr-/- EC-PKR-C19 cells do not constitutively 

express mEGFP, as the disruption of the transgene is our screening criterion for successful gene 

edition (see Material and Methods, data not shown). Therefore, the GFP signal only corresponds to 

the mEGFP encoded by the transiently transfected plasmid. Co-transfections with plasmids encoding 

PKR-FL but not PKR-ML or PKR-SL resulted in a drastic reduction of GFP signal intensity 

(Figure 6A,B). Similar results were obtained with luciferase as a reporter gene (Figure 6D). A 

similar assay was performed to compare luciferase activity upon transfection with WT PKR-FL and 

mutated PKR-FL-C11_E12del isolated from WT-like EC-PKR-C28 (Figure S2). Our results showed 

that co-transfection with PKR-FL-C11_E12del expression plasmid resulted in a severe decrease in 

luciferase activity, as WT PKR-FL overexpression, indicating that they exhibit similar translation 

inhibition. These observations further suggest that the loss of Cys11 and Glu12 in WT-like EC-PKR-

C28 does not affect drastically the protein functions. 

Since these assays only assess the expression of exogenous reporter genes and not on endogenous 

cellular proteins, we also evaluated the impact of each PKR isoform on the translation of endogenous 

proteins. For this purpose, transfected cells were pulsed with puromycin, an aminonucleoside which 

is incorporated into nascent peptides, leading to premature chain termination and spontaneous 

dissociation from the ribosome 80,81. Puromycylated nascent chains can be detected by western blot 

using anti-puromycin antibodies. Puromycin can therefore replace radioactive tracers such as S35 

methionine and be used as a metabolic probe to measure de novo protein synthesis 80. Cycloheximide 
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and thapsigargin were used are positive controls, since these drugs are well-established translation 

inhibitors 59,60. Consistent with reporter gene experiments, western blot analysis showed that the 

levels of puromycin incorporated into newly synthetized proteins decreased significantly with PKR-

FL but not with PKR-ML or PKR-SL overexpression (Figure 6A,C). These results suggest that PKR-

FL overexpression is able to inhibit host protein translation in the absence of any PKR activator. 

Translation shutoff induced by type I IFN and poly(I:C) is abolished in pkr-/- cells. In order to 

confirm the role of endogenous PKR in host translation inhibition, we compared the response of WT 

and WT-like cells (EC and EC-PKR-C28, respectively) and pkr-/- EC-PKR-C19 cells upon 

transfection with poly(I:C), a synthetic analog of dsRNA. Poly(I:C) was used as a viral dsRNA mimic 

to activate PKR, while simultaneously avoiding the potential viral subversion mechanisms that can 

occur during viral infections. Before transfection, all cells were either pretreated with IFNA2 for 48h 

in order to induce PKR expression or left untreated. Western blot analysis showed no differences in 

puromycin signal intensity after poly(I:C) transfection between non-pretreated cell lines 

(Figure 7A,B, left panel). In contrast, when cells were pretreated with IFNA2, the levels of 

puromycin incorporated into newly synthetized proteins significantly decreased upon poly(I:C) 

transfection in WT EC and WT-like EC-PKR-C28 cells (37% and 48% reduction, respectively) but 

not in pkr-/- EC-PKR-C19 cells (Figure 7A,B, right panel). Taken together, these results show that 

endogenous PKR expression is required for the inhibition of host translation induced by poly(I:C). 

Endogenous PKR is not the main driver of protein synthesis shutoff induced by rVHSV-Tomato 

infection 

To assess the role of endogenous PKR in translation inhibition in a context of viral infection, which 

is intrinsically more complex than poly(I:C) stimulation, we compared the response of WT EC and 

WT-like EC-PKR-C28 cells with that of pkr-/- EC-PKR-C19 cells during rVHSV-Tomato infection. 

In all cell lines, the puromycin signal intensity decreased as early as 24h post-infection and drastically 

dropped at 40h post-infection (Figure 8A,D). These data negatively correlate with eIF2α 

phosphorylation, which increased at 24h and peaked at 40h post-infection (Figure 8A,C). 

Interestingly, VHSV N was expressed as early as 16h post-infection and expression levels increased 

over time (24-40h post-infection), despite the decrease in host de novo protein synthesis 

(Figure 8A,B). However, no significant differences between WT, WT-like and pkr-/- cell lines were 

detected at all infection time points examined. These results indicate that VHSV-induced 

phosphorylation of eIF2α closely correlates with a decrease in host translation, while viral protein 

synthesis continued to increase during the shutoff of host protein synthesis. The absence of 

differences between cell lines shows this phenomenon involves a PKR-independent mechanism. 
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To further verify those results, all cell lines were pretreated with IFNA2 before rVHSV-Tomato 

infection. However, there were, once again, no differences between cell lines despite high levels of 

PKR expression (Figure S3). These findings further confirm the hypothesis that phosphorylation of 

eIF2α and host translation inhibition is not mediated by PKR during rVHSV-Tomato infection. 

Similar results were obtained with GSV, a dsRNA virus. Indeed, although GSV infection led to 

decreased levels of puromycin incorporated into proteins and increased phosphorylation of eIF2α at 

24h post-infection, no differences between cell lines could be observed (Figure S3). 

Chinook salmon PKR can play antagonistic roles in virus replication 

Immunoblots showing a similar expression of VHSV N protein in WT, WT-like and pkr-/- cell lines 

were indicative that PKR had little to no effect on VHSV replication at an early stage of infection. To 

investigate further PKR role in virus replication and production, we used rVHSV-Tomato, in which 

the expression cassette encoding tdTomato was inserted in the N-P intergenic region of VHSV 

genome and is therefore expressed only during its viral replication cycle 49. The use of this virus 

enabled us to monitor viral replication using fluorescence as a non-invasive proxy for viral 

replication. 

Overexpression of PKR-FL inhibits rVHSV-Tomato replication. To assess whether Chinook 

salmon PKR is involved in the inhibition of viral replication, pkr-/- EC-PKR-C19 cells were 

transfected with plasmids encoding different PKR isoforms and subsequently infected with rVHSV-

Tomato. The fluorescence of rVHSV-Tomato was monitored from 24h to 96h post-infection. A 

modest but constant reduction in measured fluorescence was observed in PKR-FL transfected cells 

from 48h post-transfection to 96h post-transfection (Figure 9A). Once normalized to the mean 

fluorescence measured in BFP-transfected cells at each time point, this represents a decrease of 

around 30% (Figure 9B). Similarly, overexpression of PKR-FL but not PKR-ML or PKR-SL resulted 

in a limited but significant decrease in viral titer in the supernatants at 96h post-infection (Figure 

9C). Consistent with previous fluorescence results, this constitutes a drop of ~25% (calculated on the 

basis of non-log transformed titers) compared to BFP-transfected cells. Taken together, these results 

suggest that overexpression of PKR-FL but not other isoforms inhibits rVHSV-Tomato replication. 

Endogenous PKR favors the release of virus into the supernatants. The role of endogenous PKR 

during rVHSV-Tomato infection was investigated by comparing the evolution of the red fluorescence 

in WT EC, WT-like EC-PKR-C28 and pkr-/- EC-PKR-C19 cell lines from 24h to 96h post-infection. 

The fluorescence signal was significantly higher in pkr-/- EC-PKR-C19 compared to the WT and WT-

like cell lines and this difference was more pronounced at a high MOI: significant differences between 

pkr-/- and WT cell lines started to appear as early as 48h, 72h and 96h post-infection at MOI 10, MOI 
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1 and MOI 0.1, respectively (Figure 10A-C). Importantly, a similar trend was observed in other pkr-

/- clones (EC-PKR-C3 and EC-PKR-C5), excluding the hypothesis of a clone-specific effect 

(Figure S4). Because tdTomato is not present in newly formed virions, supernatants of infected cells 

were titrated by plaque assay. Surprisingly, viral titers in the supernatants were slightly but 

significantly lower in pkr-/- EC-PKR-C19 cells compared to WT EC and WT-like EC-PKR-C28 cells 

(Figure 10D), which was inconsistent with our fluorescence data, indicative of the intracellular level 

of tdTomato. Because our previous results showed that PKR was involved in apoptosis at a late stage 

of viral infection, we hypothesized that absence of PKR could inhibit virion release. If this were true, 

virions would accumulate in the infected cells and a higher intracellular viral titer could be expected. 

To clarify this point, after supernatant collection, remaining infected cells were washed three times, 

sonicated and the sonicates were titrated by plaque assay. Our results show that intracellular viral 

titers were weakly but significantly higher in pkr-/- EC-PKR-C19 cells compared to WT EC cells 

(Figure 10E). However, there was no difference between pkr-/- EC-PKR-C19 and WT-like EC-PKR-

C28 cells. As mentioned earlier, this discrepancy may be explained by the fact that PKR is less 

expressed in WT-like EC-PKR-C28 compared to WT EC.  

Whilst there are differences in extracellular and intracellular titers between cell lines, the “total titer”, 

i.e. the total amount of extracellular and intracellular infectious virions produced by each cell line, 

was not significantly modified by pkr disruption. These results suggest that endogenous PKR does 

not affect viral replication per se, but rather favors the release of viral particles into the supernatant.  



 Results 1 – PKR  

134 

Discussion 

In this study, we have identified and cloned three isoforms of a unique Chinook salmon pkr gene, 

named pkr-fl, pkr-ml and pkr-sl, the last two lacking important catalytic regions. Using 

complementary in cellulo approaches based on overexpression and knockout studies, we showed that 

salmonid PKR is involved in apoptosis activation and plays a major role in translational arrest upon 

poly(I:C) stimulation but not during VHSV infection. Our data further indicate that PKR favors the 

release of VHSV virions into the supernatant at a late infectious stage, likely by triggering apoptosis. 

Taken together, our results demonstrate that salmonid PKR has conserved molecular functions 

compared to their mammalian counterparts. However, the endogenous protein did not have a major 

antiviral effect against VHSV, likely due to subversion strategies evolved by the virus. 

In line with previous studies on mammalian and fish cell lines 2,47 both RT-qPCR and western blot 

analysis revealed a constitutive but modest expression of PKR-FL in EC cells, which was strongly 

induced after IFNA2 treatment. In contrast, neither pkr-fl nor mx1/2/3 expression was induced during 

infection with either rVHSV-Tomato or GSV, both at transcript and protein levels. Comparable 

results were previously obtained in the rainbow trout RTG-P1 cell line, which expresses the firefly 

luciferase gene under the control of the mx1 gene promoter 55. These observations suggest that the 

IFN response was limited in the epithelial-like salmonid EC cells during rVHSV-Tomato infection, 

due to virus-mediated IFN suppression mechanisms, possibly via its NV protein 82–85. 

Although endogenous PKR was not induced in EC cells during rVHSV-Tomato infection, we still 

investigated the potential antiviral activity of PKR via overexpression and loss-of-function 

approaches. In line with other overexpression studies in fish models 37,45,46, we observed that 

overexpression of PKR-FL but not PKR-ML or PKR-SL resulted in a limited but significant decrease 

in rVHSV-Tomato titers in the supernatant. Using a knockout approach, we further showed that 

VHSV extracellular titers were slightly but significantly lower, while intracellular titers were higher 

in the pkr-/- cell line, compared to the WT cell line. Our results therefore suggest that endogenous 

PKR does not affect viral replication and virion assembly per se, but favors the release of viral 

particles into the supernatant. In contrast, it was recently reported that chemical inhibition of PKR in 

rainbow trout RTG2 and RTGill cells lines did not have any impact on extracellular VHSV titers in 

comparison to untreated cells 44. Differences between our results and this study may arise from 

remanent PKR activity following chemical inhibition, which may downplay the full effect observed 

in our study. 

Enzymatic assays also showed that PKR plays a preponderant role in the activation of apoptosis and 

triggers it at a relatively late stage of VHSV infection. Based on previous titration results, we propose 
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that pkr knockout could reduce virion release by limiting apoptosis activation at a late infection stage. 

In contrast, PKR-FL antiviral activity upon overexpression would mainly occur through early 

activation of apoptosis, when it is detrimental to efficient virus replication. Interestingly, the kinetics 

of caspase 3 activation correlated with apoptotic kinetics described in the literature for 

novirhabdoviruses 86. This relatively late activation of apoptosis has been attributed to VHSV NV 

protein, which inhibits apoptosis at the early stage of viral infection and prevents infected cells from 

undergoing cell death before mature viral particles are produced 86. On the other hand, apoptosis can 

be advantageous at the late stage of viral replication to facilitate viral release and dissemination 87,88. 

Precisely, while VHSV NV protein has an “early” anti-apoptotic function, the matrix (M) protein of 

novirhabdoviruses is known for its pro-apoptotic properties 89. At a late stage of infection, it has been 

suggested that abundant proapoptotic M protein takes over and triggers a late apoptosis activation, 

which facilitates viral release and spread 86. It is therefore tempting to speculate that VHSV has 

evolved a NV-driven strategy which takes advantage of PKR-mediated apoptosis. 

Besides apoptosis, a key antiviral mechanism of PKR is the inhibition of the translation machinery 

via phosphorylation of eIF2α. By using reporter genes and quantifying puromycin incorporation into 

newly synthetized proteins, we further demonstrated that both overexpressed PKR-FL and 

endogenous poly(I:C)-activated PKR were able to inhibit host de novo protein synthesis. These results 

are in line with several studies on mammalian and fish PKR, as recently reviewed by Chaumont et 

al. 31. In a context of viral infection, we showed that VHSV-induced phosphorylation of eIF2α closely 

correlates with a decrease in host protein translation. However, no differences were observed between 

WT and pkr-/- cell lines, revealing that this phenomenon is PKR-independent. Importantly, PKR is 

not the only kinase that can trigger host translational arrest; eIF2α can be phosphorylated by four 

other kinases: PERK (PKR-like ER kinase), GCN2 (general control non-derepressible 2), HRI (heme-

regulated inhibitor) and PKZ (Z-DNA-dependent protein kinase) 34,90. Although each eIF2α kinase 

primarily responds to specific stresses, several studies provide evidence that they may have 

cooperative functions. For instance, eIF2α phosphorylation can be mediated by PKR but also PERK 

and GCN2 during viral infections 91,92. A recent study using chemical inhibitors showed that eIF2α 

phosphorylation and shutoff of host translation was mediated by PERK and not PKR during VHSV 

infection 44,93. Using pkr-/- cell lines instead of chemical inhibitors, our results confirm that PKR is 

not to be the main driver of host translational arrest during VHSV infection. These results suggest 

that VHSV is able to bypass PKR-mediated translation inhibition but not an alternative host signaling 

pathway activated by another eIF2α kinase. 

Besides PKR-FL, we have also identified and cloned two other isoforms expressed in EC cells during 

VHSV infection, namely PKR-ML and PKR-SL, which are splice variants of PKR-FL. We 
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demonstrated that PKR-ML and PKR-SL do not mediate apoptosis and inhibition of translation, most 

likely because that they both lack important catalytic regions and are defective in kinase activity. The 

fact that these two isoforms exist but do not retain any of the typical antiviral functions established 

for PKR-FL raises the question of their physiological role(s) in the cell. Interestingly, weakly 

expressed splice variants have been reported for mammalian PKR 94–96 as well as for zebrafish PKZ 

34,97. Li and Koromilas reported a splice variant (PKRΔE7), in which exon 7 was spliced out, resulting 

in a truncated 174-aa protein containing only dsRNA binding domains. Interestingly, PKRΔE7 

exhibited a dominant negative function, as co-expression of both isoforms relieved PKR-mediated 

translation inhibition 95. Because PKR-SL also contains dsRBM1 and a truncated dsRBM2, it might 

have a similar dominant negative activity as human PKRΔE7. Abraham et al. also reported that 

murine lymphocytic leukemia cells expressed a Pkr transcript presenting an in-frame deletion of 579 

bp. The resulting truncated protein is strikingly similar to PKR-ML: in both cases, the in-frame 

deletion occurred within dsRBM2 and in the C-terminal portion of the acidic kinase insert of the 

kinase domain. Abraham et al. showed that this truncated protein was able to form dimers with 

endogenous PKR and to bind dsRNA 96. Whether PKR-ML possesses similar characteristics remains 

to be determined. 

In conclusion, our results establish that salmonid PKR has conserved molecular functions, including 

apoptosis activation and inhibition of protein synthesis. However, endogenous PKR does not play a 

major antiviral role during VHSV infection. It seems that VHSV has evolved a strategy to subvert 

PKR antiviral action, by limiting early PKR induction and evading PKR-mediated translational arrest. 

VHSV also appeared to take advantage of PKR-mediated apoptosis to favor viral spread at a late 

stage of infection. 
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Figures 

 

Figure 1: Isolation of three Chinook salmon PKR isoforms expressed during rVHSV-Tomato infection in EC cells. 

(A) Electrophoresis on 1.5% agar gel (100 V, 60 min) of PKR isoforms (FL = full length, ML = medium length, SL = 

short length) amplified from cDNA of EC cells infected with rVHSV-Tomato (MOI 1). (B) Chromosomal localisation of 

Chinook salmon PKR (LOC112253229) and schematic representation of the 3 isolated PKR isoforms at the transcript 

level. Boxes represent exons and straight lines represent introns. The transcripts of PKR-FL, PKR-ML and PKR-SL are 
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represented in black and untranscripted regions are in grey. (C) Schematic representation of the 3 isolated PKR isoforms 

at the protein level. dsRBM = dsRNA binding motif, KD = kinase domain. The location of each predicted domain or 

motif was obtained using SMART (Simple Modular Architecture Research Tool). (D) Sequence alignment of dsRNA 

binding motifs from Chinook salmon PKR isoforms and human PKR. The sequence consensus identified in most dsRNA-

binding motifs from other proteins and the corresponding residues conserved for the fold and/or dsRNA binding are taken 

from Masliah et al. and drawn below the alignment. The canonical secondary structured elements are shown above the 

alignment 68,69. The circles above the sequences show residues that have identified as important for dsRNA binding in 

human PKR 71,72. (E) Schematic representation of human PKR (hPKR) and Chinook salmon PKR-FL and PKR-ML 

kinase domains. The different subdomains (I-XI) conserved in kinase proteins were taken from Hanks et al. 70 and Meurs 

et al. 2. Motifs involved in ATP binding are represented by a black line, the invariant lysine residue involved in the 

phosphoryl transfer reaction is represented by an inverted white triangle, autophosphorylation sites described for hPKR 

71 are represented by inverted black triangles and are located in the activation loop (black dotted line). The acidic kinase 

insert is indicated by a black double arrow and the eIF2α kinase conserved motif is represented by a grey line; both 

features are conserved in eIF2α kinases. 

 

Figure 2: Expression profile of the three PKR isoforms in EC cells during IFNA2 stimulation or virus infection 

determined by western blot (A;B) and by RT-qPCR (C;D). 

(A) EC cells were stimulated with S. salar IFNA2 supernatant for (24-72h), infected with rVHSV-Tomato (16-40 hpi), 

GSV (16-24hpi) or left untreated (Ctrl). Negative and positive controls are EC cells transfected with pcDNA3.1-Zeo-BFP 

or plasmids encoding PKR isoforms (PKR-SL [~12 kDa], PKR-ML [~42 kDa], PKR-FL [~82 kDa]), respectively. Cell 

lysates were separated by SDS-PAGE and immunoblotted with antibodies against S. salar PKR and α-tubulin (α-tub). 

PKR-SL was not detected by the anti-PKR antibody and was therefore not represented. Endogenous PKR-ML was not 

detected following IFNA2 stimulation and viral infections; the double bands present on the blot are believed to be non-

specific bands. (B) Densitometric quantification of (A). PKR-FL signal intensity normalized to α-tubulin signal intensity 

and graphed as fold change relative to non-stimulated or non-infected cells. Bars show means ± SD from 2 pooled 

independent experiments (n=3 for each experiment); ns, non-significant (p > 0.05), *, p < 0.05, ****, p < 0.0001, Kruskal-

Wallis test with Dunn’s post-hoc multiple comparison tests. (C;D) EC cells were stimulated with S. salar IFNA2 

supernatant for 72h, infected with rVHSV-Tomato (8-24 hpi) or left untreated (Ctrl). (C) Relative expression levels of 

pkr isoforms and mx123 genes. (D) Expression fold change relative to non-stimulated and non-infected controls. Bars 

show means ± SD from 2 pooled independent experiments (n=3 or n=4 for each experiment); *, p < 0.05, ****, p < 

0.0001, ordinary one-way ANOVA with Tukey’s post-hoc multiple comparison tests.  
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Figure 3: Development and validation of a pkr-/- cell line. 

(A) Genotype of EC cells (WT), EC-PKR-C28 (6-nt deletion, 30_35delGTGCGA, resulting in C11_E12del, WT-like) 

and EC-PKR-C19, EC-PKR-C3 and EC-PKR-C5 (1-nt insertion, 29_30insT resulting in V11fsX22, pkr-/-) obtained from 

sequencing of purified PCR products amplified from genomic DNA from each cell line. The location of the sgRNA is 

underlined, the protospacer adjacent motif is in dark grey, the start codon and the premature stop codon are highlighted 

in black, the 1-nt insertion in EC-PKR-C19, -C3 and -C5 is in light grey. The corresponding chromatograms are available 

in Figure S1. (B) EC and EC-PKR clones were stimulated with S. salar IFNA2 supernatant for 72h; positive and negative 

controls are EC-PKR-C19 cells transfected with pcDNA3.1-Zeo-BFP or pcDNA3.1-Zeo-BFP-P2A-PKR-FL, 

respectively. Cell lysates were separated by SDS-PAGE and immunoblotted with antibodies against PKR and α-tubulin 

(α-tub). (C) Densitometric quantification of (B). PKR signal intensity normalized to α-tubulin signal intensity and graphed 

as fold change relative to non-stimulated cells. Bars show means ± SD from 3 pooled independent experiments (n=3 or 

n=4 for each experiment); *, p < 0.05, ****, p < 0.0001, ordinary two-way ANOVA with Bonferroni’s post-hoc multiple 

comparison tests. 
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Figure 4: Overexpression of PKR-FL induces apoptosis. 

pkr-/- EC-PKR-C19 cells were transfected with plasmids encoding BFP or different PKR isoforms (PKR-SL, -ML, -FL); 

at 72hpt, gDNA was extracted for gDNA laddering assay or caspase activity was measured. In parallel, EC-PKR-C19 

cells were either stimulated with staurosporine (STS, 1 µM) for 24h, infected with GSV (MOI 1) for 24-48h or left 

untreated, as positive and negative controls, respectively. (A) Electrophoresis on 1.5% agar gel (50V, 60 min) of gDNA 

from transfected cells (left, 3000 ng/well) or GSV-infected and STS-stimulated cells (right, 600 ng/well). Gels are 

representative of 2 independent experiments. (B) Caspase 3/7 activity (C) Caspase 8 activity and (D) Caspase 9 activity 

signal graphed as fold change relative to cells transfected with BFP-encoding plasmid (left) or left untreated (right). 

Dotplots show means ± SD from two pooled independent experiments (n=8 for transfection experiments; n=4 for 

stimulation experiments); ns, non-significant (p > 0.05), ****, p < 0.0001, ordinary one-way ANOVA with Tukey’s post-

hoc multiple comparison tests. 
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Figure 5: Endogenous Chinook salmon PKR triggers apoptosis during rVHSV-Tomato infection. 

EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19, -C3 and -C5 (pkr-/-) were infected with rVHSV-Tomato at (A) 

MOI 1 or (B) MOI 0.1 and caspase 3/7 activity was measured at 24, 48 and 72 h post-infection. Bars show means ± SD 

from two pooled independent experiments (n=4 for each experiment); ns, non-significant (p > 0.05), *, p < 0.05, **, p < 

0.01, ****, p < 0.0001, ordinary two-way ANOVA with Tukey’s post-hoc multiple comparison tests. 
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Figure 6: Overexpression of PKR-FL inhibits host translation. 

(A) pkr-/- EC-PKR-C19 cells were cotransfected with pcDNA3.1-Hyg-mEGFP and plasmids encoding BFP or different 

PKR isoforms (PKR-SL, -ML, -FL). At 8 hpt, mock transfected cells were treated with cycloheximide (CHX, 50 µg/mL, 

24h) or thapsigargin (Tg, 2 µM, 45 min). At 30 hpt, cells were pulsed with puromycin (5 µg/mL) for 15 min and cell 

lysates were separated by SDS-PAGE and immunoblotted with antibodies against PKR, GFP, puromycin (puro) or actin. 

The bands corresponding to PKR-FL and -ML are located at ~82 kDa and ~42 kDa, respectively. PKR-SL was not 

detected by the anti-PKR antibody and was therefore not represened. (A,B) Densitometric quantification of (A). (B) GFP 

signal intensity normalized to actin signal intensity and graphed as fold change relative to BFP transfected cells. Bars 

show means ± SD from two pooled independent experiments (n=3 or n=4 for each experiment), *, p < 0.05; **, p < 0.01, 

****, p < 0.0001, ordinary one-way ANOVA with Tukey’s post-hoc multiple comparison tests. (C) Puromycin signal 

intensity normalized to actin signal intensity and graphed as fold change relative to BFP transfected cells. (D) pkr-/- EC-

PKR-C19 cells were cotransfected with pcDNA3-G418-Luc and plasmids encoding BFP or different PKR isoforms 

(PKR-SL, -ML, -FL). At 24 hpt, luciferase activity was measured. Luminescence signal intensity graphed as fold change 

relative to BFP transfected cells. Data shown are means ± SD (n=16) and are representative of 2 independent experiments; 

****, p < 0.0001, ordinary one-way ANOVA with Tukey’s post-hoc multiple comparison tests. 
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Figure 7: Endogenous Chinook salmon PKR inhibits host translation upon transfection with poly(I:C). 

(A) Non-stimulated or ssIFNA2-pretreated EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19 (pkr-/-) cells were 

transfected with rhodamine-labeled poly(I:C)-HMW (pIC) or mock transfected (Ctl). At 24 hpt, cells were pulsed with 

puromycin (5 µg/mL) for 15 min and cell lysates were separated by SDS-PAGE and immunoblotted with antibodies 

against PKR, puromycin and α-tubulin. (B) Densitometric quantification of (A). Puromycin signal intensity normalised 

to α-tubulin signal intensity and graphed as fold change relative to mock transfected cells. Bars show means ± SD from 

two pooled independent experiments (n=3 for each experiment), ns, non-significant (p > 0.05); *, p < 0.05; **, p < 0.01, 

two-way ANOVA with Bonferroni’s post-hoc multiple comparison tests. 
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Figure 8: Endogenous Chinook salmon PKR is not the main driver of protein synthesis inhibition during rVHSV-

Tomato infection. 

(A) EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19 (pkr-/-) cells were either infected with rVHSV-Tomato at MOI 

1, left uninfected (Ctrl) or stimulated with cycloheximide (CHX, 50 µg/mL) for 24h. At 16, 24 or 40 hpi, cells were pulsed 

with puromycin (5 µg/mL) for 15 min and cell lysates were separated by SDS-PAGE and immunoblotted with antibodies 

against VHSV N, eIF2α-P, eIF2α, puromycin (puro), actin, PKR and α-tubulin (α-tub). (B,C,D) Densitometric 

quantification of (A). (B) VHSV N signal intensity normalized to actin signal intensity. (C) eIF2α-P signal intensity 

normalised to eIF2α signal intensity and graphed as fold change relative to control cells. (D) Puromycin signal intensity 

normalized to actin signal intensity and graphed as fold change relative to control cells. Bars show means ± SD from two 

pooled independent experiments (n=3 for each experiment); ns, non-significant (p > 0.05), ordinary two-way ANOVA 

with Tukey’s post-hoc multiple comparison tests.  
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Figure 9: Overexpession of PKR-FL inhibits rVHSV-Tomato replication. 

pkr-/- EC-PKR-C19 cells were transfected with pcDNA3.1-Zeo-BFP or plasmids encoding PKR isoforms. At 24hpt, cells 

were infected with rVHSV-Tomato (MOI 1) and fluorescence was measured at different time points post-infection. (A) 

Fluorescence signal intensity measured over time; data shown are means ± SD from 6 independent experiments (n=4 for 

each experiment); two-way ANOVA with Tukey’s post-hoc multiple comparison tests were performed on log-

transformed data: *, p < 0.05; **, p < 0.01, comparison to BFP. (B) Fluorescence signal intensity graphed as fold change 

relative to BFP transfected cells; *, p < 0.05, two-way RM ANOVA with Tukey’s post-hoc multiple comparison tests. 

(C) Supernatant was collected at 96hpi, pooled (4 wells per condition) and titrated by plaque assay. Data shown are 

means ± SD from 6 independent experiments (n=1 for each experiment, 4 pooled wells); *, p < 0.05; **, p < 0.01, ordinary 

one-way ANOVA with Tukey’s post-hoc multiple comparison tests. 
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Figure 10: Endogenous Chinook salmon PKR favors the release of rVHSV-Tomato particles into the supernatant. 

(A;B;C) EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19 (pkr-/-) cells were infected with rVHSV-Tomato at (A) 

MOI 10, (B) MOI 1 or (C) MOI 0.1 and fluorescence was measured at different time points post-infection. Graphs show 

means ± SD from 4 independent experiments (n=8 for each experiment). two-way RM ANOVA with Tukey’s post-hoc 

multiple comparison tests were performed on each log-transformed data set: (A) *, p < 0.05 starting from 48 hpi ; (B) *, 

p < 0.05 starting from 72 hpi  ; (C) *, p < 0.05 at 96 hpi. (D;E;F) EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19 

(pkr-/-) cells were infected with rVHSV-Tomato at MOI 1; supernatants were collected at 96 hpi and the remaining cells 

were scraped and sonicated; both supernatants and sonicates were titrated by plaque assay. Log-transformed plaque 

forming unit (PFU) counts from (D) supernatants, (E) sonicated cells and (F) total sum of both values of EC, EC-PKR-

C28, EC-PKR-C19 cells (4 x 106 cells) infected with rVHSV-Tomato for 96 hpi. Bars show means ± SD from two pooled 

independent experiments (n=4 for each experiment), *, p < 0.05; **, p < 0.01, Kruskal-Wallis test with Dunn’s post-hoc 

multiple comparison tests on log-transformed data. 
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Tables 

Table I: Primers used in this study 

Primer name Sequence (5’→3’) Source or 
reference 

Specificities 

Plasmid constructs: 

BFP-F CTGCTGCTGGCTAGCTCTAGACTCGAGATGAGCGAGCTGATT

AAGGAGA 

pCite-P-BFP NheI 

XbaI 

XhoI 

BFP-R CAGCAGCAGAAGCTTGGTACCCTGCAGGGATCCGATATCGTG

CCCCAGTTTGCTAGG 

pCite-P-BFP HindIII 

KpnI 

PstI 

BamHI 

EcoRV 

 

OtPKR-R0-F GCGATGACTGGACACTGACA XM_042305681.1  

OtPKR-R0-R ATTCGGCGCATGTGACAAAT XM_042305681.1  

OtPKR-R0bis-F AAGCCATGGATTCCACAAACTAC XM_042305681.1  

OtPKR-R0bis-R CCACTGACTGTCTTTAGACTGTTC XM_042305681.1 
 

 

OtPKR-P2A-F GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGA

GACGTGGAGGAGAACCCTGGACCTATGGATTCCACAAACTAC

ATCTCC 

XM_042305681.1 
 

P2A 

OtPKR-HindIII-R CTGCTGCTGAAGCTTTTAGACTGTTCTGTTGTCTTGATGG XM_042305681.1 HindIII 

    

sgRNA: 

sgRNA-mEGFP-S TCCTAATACGACTCACTATAGGCGAGGGCGATGCCACCTAG

TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG

TTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

48 T7 promoter 

sgRNA target 

Scaffold 

sgRNA-mEGFP-AS AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGG

ACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTA

GGTGGCATCGCCCTCGCCTATAGTGAGTCGTATTAGGA 

48 T7 promoter 

sgRNA target 

Scaffold 

sgRNA-PKR1-S TCCTAATACGACTCACTATACTGAGCATACTCGCACAGTAGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-PKR1-AS AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA

CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTACT

GTGCGAGTATGCTCAGTATAGTGAGTCGTATTAGGA 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold  

sgRNA-PKR2-S TCCTAATACGACTCACTATACATGCCTATCCTAACGGGGTGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_042305681.1 
Coding exon 2 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-PKR2-AS AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA

CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACACCC

CGTTAGGATAGGCATGTATAGTGAGTCGTATTAGGA 

XM_042305681.1 
Coding exon 2 

T7 promoter 

sgRNA target 

Scaffold  

sgRNA-PKR3-S TCCTAATACGACTCACTATACTCTGACATCAAGTTTGAGGGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-PKR3-AS AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA

CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCTC

AAACTTGATGTCAGAGTATAGTGAGTCGTATTAGGA 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold  

sgRNA-PKR4-S TCCTAATACGACTCACTATATTTGAGGAGGTTGGAACAGAGT

TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-PKR4-AS AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGA

CTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTCTG

TTCCAACCTCCTCAAATATAGTGAGTCGTATTAGGA 

XM_042305681.1 
Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold  

Genotyping:    

PKR-gen1-F CAGCCATGGTCGCTTTCACC LOC112253229  

PKR-gen1-R CTGAAGGCAATGCAGCTCTGC LOC112253229  

PKR-gen2-F AAGTATTGCCTTAAACATTCCCC LOC112253229  

PKR-gen2-R ACGGTCAAAATGTCACCAGGG LOC112253229  
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Table II: Plasmids used in this study  

Plasmid Use Addgene ID Reference 

pcDNA3.1-(-)-Zeo Plasmid backbone NA V86520, Invitrogen 

pCite-P-BFP Amplification of BFP gene  52 

pcDNA3.1-Zeo-mEGFP mEGFP expression vector #214145 This study 

pcDNA3.1-Zeo-BFP BFP expression vector #214367 This study 

pcDNA3.1-Zeo-BFP-P2A-
PKR-FL 

Chinook salmon PKR-FL 
expression vector 

#214364 This study 

pcDNA3.1-Zeo-BFP-P2A-
PKR-ML 

Chinook salmon PKR-ML 
expression vector 

#214365 This study 

pcDNA3.1-Zeo-BFP-P2A-
PKR-SL 

Chinook salmon PKR-ML 
expression vector 

#214366 This study 

pcDNA3.1-Zeo-ssIFNA2 Atlantic salmon IFNA2 
expression vector 

#183469 54 

pcDNA3.1-Hyg-mEGFP mEGFP expression vector #191847 98 

pcDNA3.1-Hyg-RFP-KDEL ER-located RFP expression 
vector 

#138660 99 

pcDNA3-Neo-Luc Firefly luciferase expression 
vector 

#214368 This study 

 

 
Table III: qPCR primers used in this study 

Name Sequence 5’-3’ Target name Target accession 
number 

Size Reference  

otelf1a-ex-F CACTGCTCAAGTAATCATCCTG Elongation factor 
1-alpha, oocyte 
form 

XM_024441752.2 259 pb This study 

otelf1a-ex-R CACAGCAAAACGACCAAGAG 

otgapdh3-ex-F CCAGTGTATGAAGCCCCATGAG glyceraldehyde-3-
phosphate 
dehydrogenase 

XM_024414049.1 187 pb This study 

otgapdh3-ex-R CTTGTCCTCGTTGACTCCCATG 

otrps29-ex-F GGGTCATCAGCAGCTCTATTGG 40S ribosomal 
protein S29 

XM_024422712.2 164 pb Adapted 
from 100 

otrps29-ex-R CCAGCTTAACAAAGCCGATGTCG 

otmx123-ex-F CAACTTGGTGGTTGTGCCATG Interferon-induced 
GTP-binding 
protein Mx 

XM_024415949.2 
XM_042295559.1 
XM_042295553.1 
XM_024415946.2 

111 pb This study 

otmx123-ex-R GGCTTGGTCAGGATGCCTAAT 

otpkr-fl-ex-F CTGAGTAAAGGGAAAGCTAAGCGG Protein kinase R, 
full length isoform 

XM_042305681.1 147 pb This study 

otpkr-fl-ex-R GCCTGAATCTGAAGTGGTGTCG 

otpkr-ml-ex-F CGAGCAGTTATCTCCCAGCC Protein kinase R, 
medium length 
isoform 

 140 pb This study 

otpkr-ml-ex-R GAACTGCTGCCTGAACTACAGC 

otpkr-sl-ex-F CACCTGAAAACCTTCACTCTGAGG Protein kinase R, 
short length 
isoform 

 132 pb This study 

otpkr-sl-ex-R TGCTCGGACAGGAGGCAT 
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Table IV: List of primary antibodies used for Western blots in this study 

Name Target Ab type Species Expected size 
(kDa) 

Working 
dilution 

Commercial 
reference 

Reference 

Anti-Actin Actin Polyclonal Rabbit 42 kDa 1:4000a #A5060, Sigma 
Aldrich 

47 

Anti-α-Tubulin α-Tubulin Monoclonal Mouse 55 kDa 1:3000a T9026, Sigma 
Aldrich 

101 

Anti-GFP mEGFP Monoclonal Mouse 27 kDa 1:2000a G6539, Merck  

Anti-GSV GSV 
proteins 

Polyclonal Rabbit NA 1:1000a NA  

Anti-eIF2α eIF2α Monoclonal Mouse 36 kDa 1:1000a AHO0802, 
Invitrogen 

47 

Anti-eIF2α-P eIF2α-P Polyclonal Rabbit 36 kDa 1:1000b #9721, Cell 
signaling 

47 

Anti-Mx123 Mx1, Mx2, 
Mx3 

Polyclonal Rabbit 70 kDa 1:2000a NA 56 

Anti-PKR PKR Polyclonal Rabbit 84 kDa 1:1000b NA 47 

Anti-
Puromycin 

Puromycin 
corporated 
into newly 
synthetized 
proteins 

Monoclonal Mouse NA 1:1000a MABE343, 
Sigma-Aldrich 

93 

Anti-VHSV N VHSV N Monoclonal Mouse 44 kDa 1:2000a NA 49 
a Dilution in TBST supplemented with 5% milk 
b Dilution in TBST supplemented with 5% BSA 

 

 
Table V: Molecular characteristics of Chinook salmon PKR isoforms isolated in this study 

PKR isoforms 
NCBI accession 
number 

ORF length (bp) aa length 
Theoretical 
molecular 
weight (kDa) 

PKR-FL LOC112253229 
XM_042305681.1 
XP_042161615.1 

2 187 728 81.6 

PKR-ML NA 1 122 373 42.3 

PKR-SL NA 464 107 11.9 
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Supplementary figures 

 

Figure S1: Alignment of chromatograms from EC-PKR clones with EC (WT) cell line. 

Chromatograms showing edited and wild-type (control) sequences in the region around the sequence targeted by sgRNA-

PKR1 from EC-PKR-C28 (WT-like), EC-PKR-C19, EC-PKR-C3 and EC-PKR-C5 (pkr-/-) clones. The horizontal black 

line represents the guide sequence; the horizontal red dotted line corresponds to the PAM site; the vertical black dotted 

line represents the actual cut site. The black boxes show the inserted or deleted nucleotides in each edited clone. 

Alignments were obtained using Synthego ICE Analysis tool (v3). 
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Figure S2: WT PKR-FL and PKR-FL-C11_E12del isolated from EC-PKR-C28 exhibit similar protein translation 

inhibition activity. 

pkr-/- EC-PKR-C19 cells were cotransfected with pcDNA3-Neo-Luc and plasmids encoding BFP, PKR-FL isolated from 

WT EC cells (PKR-FL-WT) and PKR-FL isolated from EC-PKR-C28 (PKR-FL-C11_E12del), which exhibits a 6-nt 

deletion at the sgRNA cut site (Figure 3 and figure S1). At 24 hpt, luciferase activity was measured. Luminescence signal 

graphed as fold change relative to BFP transfected cells. Data shown are means ± SD (n=16) and are representative of 2 

independent experiments; ns, non-significant (p > 0.05), ****, p < 0.0001, ordinary one-way ANOVA with Tukey’s post-

hoc multiple comparison tests. 
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Figure S3: Endogenous Chinook salmon PKR is neither the driver of protein synthesis inhibition during rVHSV-

Tomato infection even after IFN pretreatment nor during GSV infection. 

(A) Non-stimulated or ssIFNA2-pretreated EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19 (pkr-/-) cells were cells 

were either infected with rVHSV-Tomato at MOI 1 or left uninfected (Ctl). At 44hpi, cells were pulsed with puromycin 

(5 µg/mL) for 15 min and cell lysates were separated by SDS-PAGE and immunoblotted with antibodies against VHSV 

N, eIF2α-P, eIF2α, puromycin (puro), actin, PKR, Mx123 and α-tubulin (α-tub). (B,C) Densitometric quantification of 

(A). (B) eIF2α-P signal intensity normalized to eIF2α signal intensity and graphed as fold change relative to control cells. 

(C) Puromycin signal intensity normalized to actin signal intensity and graphed as fold change relative to control cells. 

Bars show means ± SD from two pooled independent experiments (n=3 for each experiment), ns, non-significant (p > 

0.05), two-way ANOVA with Tukey’s post-hoc multiple comparison tests. (D) EC (WT) and EC-PKR-C19 (pkr-/-) cells 

were either infected with GSV at MOI 1, left uninfected (Ctl) or stimulated with cycloheximide (CHX, 50 µg/mL) for 

24h. At 16 or 24 hpi, cells were pulsed with puromycin (5 µg/mL) for 15 min and cell lysates were separated by SDS-

PAGE and immunoblotted with antibodies against GSV, eIF2α-P, eIF2α, puromycin (puro), actin, PKR and α-tubulin (α-
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tub). (E;F;G) Densitometric quantification of (A). (B) GSV signal intensity normalized to α-tubulin signal intensity. (C) 

eIF2α-P signal intensity normalized to eIF2α signal intensity and graphed as fold change relative to control cells. (D) 

Puromycin signal intensity normalized to actin signal intensity and graphed as fold change relative to control cells. Bars 

show means ± SD from two pooled independent experiments (n=3 for each experiment); ns, non-significant (p > 0.05), 

ordinary two-way ANOVA with Bonferroni’s post-hoc multiple comparison tests. 

 

 

 

Figure S4: pkr-/- clones share a similar phenotype confirming that invalidation of pkr favors rVHSV-Tomato 

replication. 

(A;B;C) EC (WT), EC-PKR-C28 (WT-like) and EC-PKR-C19, -C3 and –C5 (pkr-/-) cells were infected with rVHSV-

Tomato at (A) MOI 10, (B) MOI 1 or (C) MOI 0.1 and fluorescence was measured at different time points post-infection. 

Graphs show means ± SD and is representative of two independent experiments (n=8 for each experiment). 
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3. Supplementary data 

Testing the dominant negative effect of PKR-SL and PKR-ML 

To assess whether PKR-SL and/or PKR-ML exert a dominant negative effect on PKR-FL, a variation 

of the luciferase assay described in Material and Methods - section 8 was performed. The aim of this 

experiment was to evaluate whether the inhibitory effect on luciferase expression mediated by PKR-

FL was modulated upon co-expression with PKR-SL or PKR-ML. For this purpose, EC-PKR-C19 

cells were co-transfected with pcDNA3.1-Hyg-RFP-KDEL (0.2 µg/10 µL), pcDNA3-Neo-Luc 

(0.15 µg/10 µL) and several combinations of different plasmids encoding PKR isoforms or BFP 

(0.6 µg/10 µL in total), as described in Figure 27. Cells were then processed as described in Material 

and Methods - Section 8. 

 

Figure 27: PKR-ML and PKR-SL do not have a dominant negative effect 

pkr-/- EC-PKR-C19 cells were co-transfected with pcDNA3-Neo-Luc and plasmids encoding BFP and/or different PKR 

isoforms (PKR-SL, -ML, -FL) as described in the table. Numbers in the table correspond to the amount of plasmids (in 

µg) per 100 µL of transfection reaction. At 24 hpt, luciferase activity was measured. Luminescence signal intensity 

graphed as fold change relative to BFP transfected cells. Data shown are means ± SD from 2 pooled independent 

experiments (n=8 for each experiment); ns, non-significant, *, p < 0.05, ****, p < 0.0001, Kruskal-Wallis test with Dunn’s 

post-hoc multiple comparison tests. 

As previously observed in the article presented above, transfections with plasmids encoding PKR-FL 

but not PKR-ML or PKR-SL (lanes 4, 3 and 2, respectively) resulted in a drastic reduction of 

luminescence signal intensity. However, co-transfections of PKR-FL with PKR-ML and/or PKR-SL 

(lanes 6-8), did not restore the luminescence level, indicating that PKR-ML and PKR-SL do not have 

a dominant negative effect on PKR-FL. 
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4. Summary and conclusion 

In our study, we showed that endogenous Chinook salmon PKR was highly induced upon type I IFN 

stimulation but not during VHSV or GSV infections. Mechanistically, endogenous PKR was involved 

in apoptosis activation and played a major role in translational arrest following poly(I:C) stimulation, 

indicating that salmonid and mammalian PKR have conserved molecular functions. During VHSV 

infection, however, endogenous PKR was not the main driver of host protein translation inhibition. 

Our data further suggest that PKR favors the release of VHSV virions into the supernatant at a late 

stage of infection. Taken together, our results imply that VHSV has evolved a strategy to subvert 

PKR antiviral action, by limiting early PKR induction and evading PKR-mediated translational arrest. 

VHSV also appeared to take advantage of PKR-mediated apoptosis to favor viral spread at a late 

stage of infection (Figure 28). It adds to the numerous subversion strategies developed by viruses to 

antagonize or hijack PKR-mediated antiviral mechanisms that have been described in mammals 377. 

 

Figure 28: Model of PKR-mediated molecular functions in Chinook salmon CHSE-EC cells and PKR-dependent 

mechanisms activated during VHSV. 

Left: Chinook salmon CHSE-EC cells express 3 different isoforms of PKR: PKR-FL (full-length), PKR-ML (medium-

length) and PKR-SL (short-length), which are likely products of alternative splicing. PKR-ML and PKR-FL are induced 

following type I IFN stimulation. PKR-FL exhibits similar molecular functions to its mammalian counterparts, including 

inhibition of translation initiation (likely via phosphorylation of eIF2α) and activation of apoptosis via both the intrinsic 

and extrinsic pathways. The functions of PKR-ML and PKR-SL are currently not understood but they do not have a 

dominant negative effect on translational arrest activity of PKR-FL. Right: Endogenous PKR-FL as well as 3 Mx paralogs 

are not induced during VHSV infection. This may be linked to VHSV ability to dampen the RIG-I-mediated type I IFN 

response via NV-dependent recruitment of host PPM1Bb protein phosphatase 171. VHSV is also able to bypass PKR-

mediated translation inhibition via unknown mechanisms (either by evading dsRNA binding and/or blocking its 

enzymatic activity). However, VHSV infection triggers the activation another eIF2α kinase, presumably PERK 172, 

leading to host translational arrest. VHSV is known for inhibiting apoptosis at an early infection stage via an NV-

dependent mechanism 175 but likely takes advantage of PKR-mediated activation of apoptosis at a late infection stage, to 

favor virion dissemination.
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RESULTS 2 

Characterization of cyprinid Viperin by transcriptomic study 

in viperin-/- cell lines 

1. Introduction 

The second axis of this thesis was to investigate the functional role of fish Viperin. Viperin is one of 

the most highly induced ISGs during infections with various viruses and/or type I IFN treatment, as 

shown by many transcriptomic studies in both in both mammalian 424,565 and fish models 15,143,153. In 

mammals, Viperin is known for its broad antiviral action against both DNA and RNA viruses 151. 

However, the precise molecular functions of Viperin remained elusive for a long time. It was only 

recently discovered that Viperin was able to generate an antiviral ribonucleotide, which could inhibit 

specific viral RNA-dependent RNA polymerases 150. Viperin also exerts its antiviral action by 

interacting viral components as well as host proteins involved in innate immune signaling and in 

metabolic pathways exploited during viral life cycle 151. Overall, viperin genes are widely conserved 

among both invertebrates and vertebrates, including fish species. In a similar fashion to their 

mammalian counterparts, several overexpression studies showed that fish Viperins inhibit a wide 

range of viruses, including DNA, dsRNA and ssRNA viruses (Chapter 3, Table IV), although the 

underlying mechanisms of action remain unclear. In both mammalian and fish models, very few 

studies have investigated the role of Viperin on the regulation of gene expression at the transcriptome 

level. This question is particularly relevant as a growing body of evidence suggests that Viperin may 

have a regulatory role in diverse metabolic processes that seems to be unrelated to its antiviral action. 

Indeed, several studies revealed that Viperin is likely involved in bone and cartilage formation 386,484, 

fatty acid β-oxidation 439,467 and mitochondrial metabolism 492. 

In our study, we tried to decipher the contribution of endogenous fish Viperin to the antiviral response 

at the transcript level and its potential regulatory role beyond the scope of the innate immune 

response. We addressed the following questions: (1) Does fish Viperin contribute to the regulation 

of the type I IFN response? (2) Is fish Viperin involved in the transcriptional regulation of other 

metabolic/functional pathways? 

For this purpose, we aimed to develop a viperin-/- fish cell line using CRISPR/Cas9 genome editing. 

It was initially planned to use the Chinook salmon CHSE-EC cell line; however, preliminary RT-

qPCR experiments performed at the beginning of this project failed to induce expression of any of 

the viperin genes (LOC112256495, LOC112255730, LOC112262031, Otsh_v2.0 NCBI RefSeq 

assembly GCF_018296145.1) in this cell line, for an unknown reason. We then switched to another 
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clonal epithelial-like cyprinid EPC-EC cell line, previously developed in our laboratory and deriving 

from the fathead minnow (Pimephales promelas) epithelioma papulosum cyprini (EPC) cell line, 

which is widely used in diagnostics. The EPC-EC cell line was used as parental cell line to develop 

and validate viperin-/- clones, which were further used for functional studies. To have a global 

overview of the impact of Viperin on the cellular transcriptome, we conducted a comparative RNA-

seq analysis of the viperin-/- and wild-type cell lines with or without stimulation with recombinant 

fathead minnow type I IFN. 

2. Article 

Chaumont, L., Jouneau, L., Huetz, F., van Muilekom, D. R., Peruzzi, M., Raffy, C., Le Hir, J., Minke, 
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Abstract 

Background: Viperin, also known as radical S-adenosyl-methionine domain containing protein 2 

(RSAD2), is an interferon-inducible protein that is involved in the innate immune response against a 

wide array of viruses. In mammals, Viperin exerts its antiviral function through enzymatic conversion 

of cytidine triphosphate (CTP) into its antiviral analog ddhCTP as well as through interactions with 

host proteins involved in innate immune signaling and in metabolic pathways exploited by viruses 

during their life cycle. However, how Viperin modulates the antiviral response in fish remains largely 

unknown. 

Results: For this purpose, we developed a fathead minnow (Pimephales promelas) clonal cell line in 

which the unique viperin gene has been knocked out by CRISPR/Cas9 genome-editing. In order to 

decipher the contribution of fish Viperin to the antiviral response and its regulatory role beyond the 

scope of the innate immune response, we performed a comparative RNA-seq analysis of viperin-/- 

and wildtype cell lines upon stimulation with recombinant fathead minnow type I interferon.  

Conclusions: Our results revealed that Viperin does not exert positive feedback on the canonical type 

I IFN but acts as a negative regulator of the inflammatory response by downregulating specific pro-

inflammatory genes and upregulating repressors of the NF-κB pathway. It also appeared to play a 

role in regulating metabolic processes, including one carbon metabolism, bone formation, 

extracellular matrix organization and cell adhesion. 

 

Keywords: Viperin, RSAD2, fathead minnow, Pimephales promelas, RNA-Seq, interferon response, 

inflammatory response, one carbon metabolism, extracellular matrix, cell adhesion 

  



 Results 2 – Viperin  

165 

Background 

The host innate immune system is the first line of defense against viral infections. Innate antiviral 

defenses are primarily based on type I interferons (IFNs), which are cytokines secreted upon the 

recognition of viruses. Type I IFNs bind to cell surface class II cytokine receptors and elicit the 

expression of hundreds of IFN-stimulated genes (ISGs) through the JAK-STAT signaling cascade 

(1). ISGs are engaged in diverse functions within the cell, and include virus sensors, receptors, 

transcription factors, signaling adaptors involved in upstream molecular signaling cascades as well 

as other cytokines, which enhance the IFN response. Other ISGs encode antiviral effectors, which 

directly target specific viral components or modulate pathways and/or functions required during the 

virus life cycle. Altogether, ISG products participate in mounting an antiviral state refractory to viral 

infection, replication and propagation (2). 

The radical S-adenosyl-methionine (SAM) domain-containing protein 2 (RSAD2), also known as 

virus inhibitory protein endoplasmic reticulum-associated, interferon-inducible (Viperin), ranks 

among the most highly induced ISGs upon stimulation with IFNs, dsRNA, viral infections; it is also 

induced upon lipopolysaccharide stimulation and bacterial infections (3–5). The viperin transcript 

was initially identified by differential display analysis in primary human fibroblasts infected with 

human cytomegalovirus (HCMV) (6), later described in rainbow trout (Oncorhynchus mykiss) 

leukocytes infected with viral hemorrhagic septicemia virus (VHSV) (7) and further characterized 

from primary human macrophages treated with IFN-γ (8). Structurally, VIPERIN is composed of 

three distinct domains: an N-terminal domain that greatly varies in length among vertebrates (5,9) 

and contains an amphipathic alpha helix mediating its localization to the cytosolic face of the 

endoplasmic reticulum and lipid droplets (10,11); a conserved central domain bearing the canonical 

CX3CX2C motif, which is characteristic of the radical SAM superfamily and coordinates the binding 

to a [Fe4S4] cluster required for its enzymatic activity, and a conserved C-terminal domain of 

unknown function (7,12). Importantly, viperin genes are widely conserved among both vertebrates 

and invertebrates (4,13). viperin-like genes have also recently been identified across all kingdoms of 

life, including fungi, bacteria, and archaea, hinting at an ancient defense mechanism possibly 

connected to antiviral defense (12,14,15). 

In mammals, Viperin inhibits a broad spectrum of DNA and RNA viruses, (16), although its capacity 

to limit viral replication may drastically differ from one virus to another (17,18). Viperin exerts its 

antiviral action through different mechanisms, involving its enzymatic activity and/or protein-protein 

interactions (16). It was reported early on that Viperin often had to be catalytically active to exert its 

antiviral action (4,19), but its substrate remained elusive for many years (20). Recent biochemical 

studies have demonstrated that it converts cytidine triphosphate (CTP) to its analogue 3′-deoxy-3′,4′-
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didehydro-cytidine triphosphate (ddhCTP) through a SAM-dependent radical mechanism (21). 

ddhCTP was shown to inhibit the replication of some RNA viruses by acting as a natural chain 

terminator for RNA-dependent RNA polymerases, although this mechanism has recently been 

challenged (22). Besides its radical SAM enzymatic activity, Viperin also interacts with a wide range 

of viral and cellular proteins. It was reported to bind viral proteins and to promote their degradation 

through the proteasomal pathway (18,23). Furthermore, Viperin interacts with cellular mediators 

involved in innate immune signaling, including ssRNA-sensing TLR7 pathway, unmethylated CpG 

DNA-sensing TLR9 pathways (24,25) and cytosolic dsDNA cGAS-STING pathway (26), thereby 

enhancing the IFN response. It was also reported that Viperin is involved in the oxidation of 

methionine residues in DNA and RNA helicases, including the cytosolic viral RNA sensor RIG-I, 

which increases its stability leading to enhanced expression of IFN-β in Mouse Embryonic 

Fibroblasts (MEFs) (27). Furthermore, a growing body of evidence suggests Viperin also modulates 

metabolic pathways exploited during the viral life cycle, including cholesterol biosynthesis (28,29) 

and secretion of soluble proteins (10,30). Additionally, a few studies point to a role of Viperin in the 

regulation of metabolic processes under non-infectious conditions, including bone and cartilage 

formation (31,32), reduction of fatty acid β-oxidation (33,34) and regulation of the mitochondrial 

metabolism (35). Nonetheless, how Viperin can have such broad cellular functions is currently still 

unclear. 

In fish, orthologs of mammalian viperin have been identified in many species (7,9,36–38). Recently, 

Wang et al. have cloned the viperin gene from fathead minnow (Pimephales promelas) FHM cells 

(39). Intriguingly, they have also identified a splicing variant lacking exon 5, that is expressed upon 

Spring viremia of carp virus (SVCV) infection but not poly(I:C) stimulation. Several studies have 

reported that fish Viperins, including Viperin from fathead minnow, retain antiviral properties (9,37–

39). Furthermore, although studies on fish Viperin have not investigated the underlying molecular 

mechanisms as thoroughly as in mammals, they still provide evidence that fish Viperin is able to 

modulate the expression of genes involved in IFN and inflammatory response following 

overexpression in fish cell lines (9,38–40), stabilize RIG-I by increasing its half-life (40), interact 

with viral proteins to promote their degradation via the proteasomal and/or autophagosome pathways 

(36) and modulate cholesterol metabolism (41). Importantly, most studies were performed using 

overexpression approaches and to the best of our knowledge, no knockout in vitro models have been 

developed so far using fish cell lines. 

In order to better understand the contribution of fish Viperin to the antiviral response and its 

regulatory role beyond the scope of the innate immune response, we developed a clonal epithelial-

like cyprinid cell line in which the viperin gene has been knocked out by CRISPR/Cas9 genome-
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editing. This cell line derives from the fathead minnow (Pimephales promelas) epithelioma 

papulosum cyprini (EPC) cell line, which is widely used in diagnostic and research. To achieve a 

global overview of the transcriptional response between the knockout and the wildtype cell lines, we 

performed a comparative RNA-seq analysis of the whole transcriptome of the two cell lines with or 

without a 24h-long stimulation with recombinant fathead minnow type I IFN. Our transcriptomic 

analysis indicates that Viperin is not involved in the regulation of the canonical type I IFN in this 

model but acts as a negative regulator of specific inflammatory pathways. In addition, our study sheds 

light on other metabolic functions in which Viperin may play a role even under non-pathological 

conditions, including extracellular matrix organization, cell adhesion, bone formation and one carbon 

metabolism. 

Methods 

Cell lines, culture conditions and viruses 

The Epithelioma papulosum cyprini (EPC) cell line (ATCC CRL-2872, Pimephales promelas), was 

grown in Leibovitz’s L-15 medium (Gibco) supplemented with 10% fetal bovine serum (FBS, 

Eurobio) and penicillin (100 U/mL)-streptomycin (100 μg/mL) (BioValley). The EPC-EC cell line 

(described below) and its derivatives were grown in L-15 medium supplemented with 10% FBS, 

penicillin (100 U/mL)-streptomycin (100 μg/mL), 500 μg/mL G418 (Invivogen), 30 μg/mL 

hygromycin B Gold (Invivogen). The Chinook salmon (Oncorhynchus tshawytscha) embryo (CHSE-

214) cell line was maintained in Glasgow’s modified Eagle’s medium (GMEM) containing 25 mM 

HEPES (Biosera) supplemented with 10% FBS, 2 mM L-glutamine (Eurobio), and penicillin 

(100 U/mL)-streptomycin (100 μg/mL). All cell lines were maintained at 20°C without CO2. 

Recombinant viral hemorrhagic septicemia virus expressing the tdTomato red fluorescent protein 

(rVHSV-Tomato) was a kind gift from Dr. Stéphane Biacchesi (Université Paris-Saclay, INRAE, 

UVSQ, VIM, Jouy-en-Josas, France) (42). rVHSV-Tomato was propagated in EPC cells (multiplicity 

of infection (MOI) of 1); briefly, the virus was adsorbed onto the cells for 1h at 14°C with regular 

gentle shaking; L-15 supplemented with 2% heat-inactivated FBS was added afterwards and the 

supernatants were collected at 5 days post-infection, 0.2 µm-filtered, aliquoted and stored at -80°C. 

Infectious pancreatic necrosis virus (IPNV), isolate 31.75 (43), was propagated in CHSE-214 (MOI 

0.001) at 14°C in GMEM supplemented with 2% FBS, as described above for rVHSV-Tomato. The 

supernatants were collected at 3-4 days post-infection, 0.2 µm-filtered, diluted 1:5 (v/v) in TEN buffer 

(10 mM Tris, 1 mM EDTA, 150 mM NaCl, pH 7.1) and mixed again 1:1 (v/v) in glycerol 100%, 

aliquoted and stored at -20°C. rVHSV-Tomato and IPNV31.75 titers were determined by plaque 

assay. 
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Development and validation of a viperin-/- cell line 

The EPC cell line was genetically engineered to overexpress a monomeric, cytosolic form of EGFP 

(mEGFP) and the nuclear nCas9n using the same method used to develop the CHSE-EC cell line 

(44). Briefly, the EPC cell line was engineered using the plasmid pcDNA3.1-Hyg-nCas9n (Addgene 

#217487); single cells were individualized by flow cytometry sorting (BD FACSAria™ II Cell Sorter, 

INEM, Paris, France) and after propagation, clones expressing high levels of nCas9n transcripts were 

selected by RT-qPCR, as previously described (44). The resulting cell line was engineered a second 

time using the plasmid pmEGFP-N1 (Addgene #217486); single mEGFP-positive cells were isolated 

by FACS (BD FACSAria™ III Cell Sorter, INRAE, Jouy-en-Josas, France) to generate a clonal cell 

line, named EPC-EC. 

The EPC-EC cell line was used to develop a viperin-/- cell line. Two single guide RNAs (sgRNAs) 

were designed within the first exon of the viperin gene (LOC120476724), using CRISPOR v5.01 web 

tool (Table 1) (45). To ensure the specificity of the sgRNAs, care was taken that no off-target genes 

with more than 3 mismatches in the first 12 bp adjacent to the PAM (most likely off-targets) were 

identified in the fathead minnow genome (EPA_FHM_2.0, NCBI RefSeq assembly 

GCF_016745375.1). A sgRNA targeting the mEGFP gene was also used as previously designed (44). 

The sgRNAs were synthesized using the T7 RiboMAX™ Express Large Scale RNA Production 

System kit (Promega) according to the manufacturers’ instructions using 0.5 µg of each primer that 

spontaneously annealed as the dsDNA template. The RNA synthesis mix was then incubated with 

1 µL of RQ1 DNase (Promega) for 1h at 37°C and purified using TRIzol™ reagent (Invitrogen), 

according the manufacturers’ instructions. The sgRNAs were resuspended in RNase- and DNase-free 

water and quantified using a Nanodrop spectrophotometer. The purity of the sgRNAs was checked 

on a 2% agarose-EtBr gel before or after a 30 min treatment with RNase A (Qiagen) at room 

temperature. The ability of each sgRNA to cut the target sequence was confirmed by in vitro 

efficiency assay. Briefly, genomic DNA was extracted from ~3 × 106 EPC-EC cells using NucleoSpin 

Tissue Mini kit (Macherey-Nagel), according to the manufacturer’s instructions. Genomic DNA 

segments containing the targeted sites were amplified by PCR using GoTaq® G2 Flexi DNA 

Polymerase (Promega) with the primers mEGFP-gen-F/mEGFP-gen-R and PpViperin-gen-

F/PpViperin-gen-R (Table 1). The PCR cycling program was performed in a thermal cycler 

(Eppendorf) and was as follows: 94°C for 3 min then 35 cycles of 94°C for 15 s, 59°C for 15 sec, 

72°C for 40 sec, and a final extension of 72°C for 5 min. The PCR products were purified using 

NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel). Each sgRNA was mixed with 

recombinant TrueCut™ Cas9 Protein v2 (Invitrogen) at a 1:1 molar ratio (0.2 µg sgRNA and 1 µg 

rCas9 i.e. 6.1 pmol each in 12 µL of resuspension buffer R (Neon™ Transfection System kit, 
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Invitrogen)) and incubated at room temperature for 15 min. Each sgRNA/Cas9 complex was mixed 

with the purified PCR product at a 5:1 molar ratio (i.e. 6.1 pmol sgRNA/Cas9 and 1.22 pmol PCR 

product) and incubated at room temperature overnight. The Cas9 enzyme was heat-inactivated at 

80°C for 20 min and double-strand break of the PCR products was confirmed on a 1.5% agarose-

EtBr gel. 

To generate viperin-/- cells, each sgRNA (sgRNA-mEGFP, sgRNA-Vip1, sgRNA-Vip2) was mixed 

with recombinant TrueCut™ Cas9 Protein v2 at a 1:1 molar ratio (0.2 µg sgRNA and 1 µg rCas9 i.e. 

6.1 pmol each in 2 µL) and incubated at room temperature for 20 min. The sgRNA-mEGFP/Cas9 

complex was mixed with pooled sgRNA-Vip1/Cas9+ sgRNA-Vip2/Cas9 complexes at a 2:1 volume 

ratio in resuspension buffer R (Neon™ Transfection System kit, Invitrogen) (i.e. 1µL of sgRNA-

mEGFP/Cas9 and 0.5 µL of each sgRNA-Vip/Cas9 complex in a final volume of 5 µL). The mix was 

transfected into EPC-EC cells using the Neon™ Transfection System (Invitrogen). EPC-EC cells 

were prepared as described in the “transfections” section and 5 µL of cell suspension at 2 × 107 

cells/mL was mixed with 5 µL of sgRNA/Cas9 complex (i.e. 1 × 105 cells, 6.1 pmol of Cas9 and 6.1 

pmol of sgRNA per 10 µL of transfection reaction). The cells were transfected using the same 

conditions established for plasmids, as described in the “transfections” section. All transfected cells 

(~5 × 105 cells) were mixed in 5 mL L-15 supplemented with 10% FBS and penicillin (100 U/mL)-

streptomycin (100 μg/mL) in a 25 cm2 flask (Sarstedt) and incubated at 20°C. The next day, cells 

were washed with PBS, fresh medium (L-15 medium supplemented with 10% FBS, penicillin 

(100 U/mL)-streptomycin (100 μg/mL), 500 μg/mL G418, 30 μg/mL hygromycin B Gold) was added 

into each flask and cells were incubated at 20°C for 4 weeks. 

Once the cell population reached confluency, the transfected cells were passaged (surface ratio 1:4), 

and ~3 × 106 cells were used for genomic DNA extraction using NucleoSpin Tissue Mini kit 

(Macherey-Nagel), according to the manufacturer’s instructions. Genomic DNA regions containing 

the sgRNA-targeted sequences were amplified by PCR using genotyping primers mEGFP-gen-

F/mEGFP-gen-R and PpViperin-gen-F/PpViperin-gen-R, as described above. The PCR products 

were purified using NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel) and directly 

sequenced using the same amplification primers. Sequences were analyzed using Synthego ICE 

analysis tool v3 (Synthego) (46) to assess the percentage of mutated cells in the transfected cell 

population (bulk). ICE analysis confirmed efficient genome editing for mEGFP and viperin in the 

bulk transfected with sgRNA-mEGFP and sgRNA-Vip1+2. This bulk was further used for isolation 

of viperin-/- clones by FACS. For this purpose, cells were detached by trypsin-EDTA action and 

mEGFP-deficient single cells at a density of ~4 × 106 cells/mL were individualized by FACS (BD 

FACSAria™ Fusion Flow Cytometer, Institut Pasteur, Paris, France) using a 100 µm nozzle at the 
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lowest pressure (1 out of a scale of 11) into a 96-well plate (Sarstedt) in L-15 supplemented with 10% 

FBS, penicillin (200 U/mL)-streptomycin (200 μg/mL), 500 μg/mL G418 and 30 μg/mL hygromycin 

B Gold. Three months later, 16 clones were sub-cultured and propagated in 25 cm² flasks and their 

genotype was characterized as described above. Two clones, EPC-EC-Vip-C7 and EPC-EC-Vip-C11, 

were kept for further knockout validation. Because both clones presented heterozygous mutations at 

the cutsites targeted by the two sgRNA used, the previously obtained genotyping PCR products were 

cloned into the pCR4-TOPO TA vector using TOPO™ TA Cloning™ kit (Invitrogen), according to 

the manufacturer’s instructions, and sent to sequencing. The sequencing results showed that both 

clones presented heterozygous mutations at both sgRNA targeted sites: a 1-nt deletion (152delC) or 

2-nt deletion (152_153delAC) at sgRNA-Vip2 target site and a partial 1-nt insertion (230_231insT) 

at sgRNA-Vip1 target site, resulting in frameshifts and the appearance of a premature stop codons 

(D51fsX53 or G52fsX96). 

The disruption of viperin was also validated by western blot. For this purpose, EPC-EC-Vip-C7 and 

EPC-EC-Vip-C11 clones and the WT EPC-EC cell line were seeded into 25 cm² flasks at a density 

of 6.5 × 106 cells/well in L-15 supplemented with 2% FBS and penicillin (100 U/mL)-streptomycin 

(100 μg/mL) and incubated at 20°C overnight. The next day, the cells were stimulated with poly(I:C) 

(Sigma-Aldrich) diluted in L-15 supplemented with 10% FBS and penicillin (100 U/mL)-

streptomycin (100 μg/mL) at a final concentration of 500 µg/mL or left untreated and incubated at 

20°C. At 24, 48 and 72h post-stimulation, medium was removed, cells were washed once with ice-

cold DPBS, scraped in 1 mL ice-cold DPBS supplemented with 2.5 mM EDTA and centrifuged at 

1500 g at 4°C for 5 min. The cell pellets were drained, resuspended in 100 µL NP-40 lysis buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP40, 1 mM DTT, 10% glycerol, 

cOmplete™ protease inhibitor (Merck)) and lysed for 45 min at 4°C under gentle shaking. The cell 

lysates were clarified by centrifugation at 5000 g at 4°C for 5 min and stored at -80°C until use. 

Aliquots of 60 μL of cell lysates were mixed with 30 μL Laemmli buffer 3X (45 mM Tris, 345 mM 

glycine, 38% glycerol, 4.8% SDS, 20% β-mercaptoethanol, 0.04% bromophenol blue) and incubated 

at 100°C for 5 min. A volume of 8 µL of cell lysates was loaded onto 12% polyacrylamide gels and 

protein samples were separated by electrophoresis in Tris-glycine buffer (25 mM Tris, 192 mM 

glycine, pH 8,3). Proteins were then transferred onto a nitrocellulose membrane (BioRad) using the 

mixed molecular weight program from the Trans-Blot® Turbo™ Transfer System (BioRad). The blots 

were blocked with 5% non-fat milk in TBST (10 mM Tris pH 7.4, 150 mM NaCl, 0,1% Tween 20) 

for 1h at room temperature and then incubated with rabbit polyclonal anti-Viperin antibody (PA5-

42231, Invitrogen) (1:500, TBST+5% non-fat milk) overnight at 4°C. Care was taken to use an 

antibody raised against an immunogenic polypeptide (Tyr301-Tyr350, human RSAD2) that shares 



 Results 2 – Viperin  

171 

92% identity with the corresponding sequence on fathead minnow Viperin (XP_039523815.1). The 

blots were washed 5 times in TBST, incubated with horseradish peroxidase (HRP)-conjugated anti-

mouse or anti-rabbit (1:4000) secondary antibodies (SeraCare), washed 4 times in TBST and once in 

PBS. Western blots were developed using ClarityTM Western ECL substrate (BioRad) and detected 

using ChemiDoc Touch Imaging System (BioRad). After the first detection, the membrane was 

washed twice with TBST, saturated with TBST-5% non-fat milk for 1h and re-probed with mouse 

monoclonal anti-α-tubulin antibody (T9026, Sigma Aldrich) (1:3000, TBST+5% non-fat milk) for 

2.5h-3h and developed as described above. Densitometric analysis of the blots was performed using 

Image Lab software (v 6.1.0, BioRad). 

Plasmid constructions 

Fathead minnow viperin open reading frame (ORF) sequence was identified in silico using NCBI 

Reference EPA_FHM_2.0 Primary Assembly and predicted transcript XM_039667881.1. 

Total RNA from 4 × 106 EPC-EC cells infected with IPNV31.75 (MOI 0.001) at 72 h post-infection 

in quadruplicates was extracted using the QiaShredder and RNeasy mini kits (Qiagen) according to 

the manufacturer’s instructions. RNA (4 µg) was used as template for reverse transcription and 

generation of cDNA using the iScript™ Advanced cDNA Synthesis Kit for RT-qPCR (BioRad) and 

the synthesis was performed in a thermal cycler (Eppendorf) as recommended by the manufacturer. 

cDNA was diluted to 1:20 in DNase- and RNase-free water. Diluted cDNA from rVHSV-Tomato 

infected cells (n=4) were pooled and used as template to amplify the viperin ORF sequence. Nested 

PCR amplifications were performed using Q5 2X High-Fidelity mastermix (New England Biolabs) 

and 2 sets of specific primers according to the manufacturer’s instructions: PpViperin-R0-

F/PpViperin-R0-R were used for the first PCR round while PpViperin-P2A-F and PpViperin-HindIII-

R were used for the second PCR round (Table 1). The PCR cycling programs were performed in a 

thermal cycler (Eppendorf) and were as follows: 98°C for 30 sec followed by 35 cycles of 98°C for 

10 s, 65°C for 10 sec, 72°C for 90 sec (1st round) or 60 sec (2nd round), and a final extension of 72°C 

for 2 min. PCR products were purified with the NucleoSpin Gel and PCR Clean-up Mini kit 

(Macherey-Nagel), quantified using a Nanodrop spectrophotometer, digested with HindIII enzymes 

(Thermofisher), cloned into HindIII/EcoRV-digested pcDNA3.1-Hyg-BFP vector (Addgene 

#214363) using T4 DNA ligase (New England Biolabs) according to the manufacturer’s instructions 

and fully sequenced. The pcDNA3.1-Hyg-BFP vector was initially obtained by amplifying the BFP 

gene from pCite-P-BFP (47) using BFP-F/BFP-R primers (Table 1) and subcloning it into the plasmid 

backbone of pcDNA3.1-Hyg-mEGFP (Addgene #191847) by XhoI/HindIII digestion. The pCite-

PBFP plasmid was a kind gift from Dr. Hortense Decool (Université Paris-Saclay, INRAE, UVSQ, 

VIM, France). The resulting plasmid was named pcDNA3.1-Hyg-BFP-P2A-PpViperin (Addgene 
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#217481). All plasmids were produced in Stellar™ Competent Cells (Takara) and were purified using 

NucleoBond Xtra Maxi EF (Macherey-Nagel) according to the manufacturer's instructions. 

Transfections 

Transfections were performed by electroporation using the Neon™ Transfection System (Invitrogen) 

as described previously (44). Briefly, EPC cells were washed in DPBS (Sigma-Aldrich), detached by 

trypsin-EDTA action, resuspended in L-15 supplemented with 10% FBS and penicillin (100 U/mL)-

streptomycin (100 μg/mL) and centrifuged at 400 g for 5 min. The cell pellet was drained, 

resuspended in L-15 without Phenol Red (Gibco), centrifuged at 13 000g for 30 sec, and resuspended 

again in L-15 without Phenol Red. The cell concentration was adjusted to 2 × 107 cells/mL. The cell 

suspension was mixed either with pcDNA3.1-Hyg-BFP or pcDNA3.1-Hyg-BFP-P2A-PpViperin at a 

final concentration of 5 µg per 1 × 106 cells per 100 µL of transfection reaction. The fluorescent vector 

pcDNA3.1-Hyg-RFP-KDEL (Addgene #138660; 2 µg/1 × 106 cells/100 µL of transfection reaction) 

was added to check transfection efficiency between each condition. Transfections were carried out in 

an electroporator MPK5000 (Neon™ Transfection System, Invitrogen) using a 100 μL transfection 

kit (Neon™ Transfection System, Invitrogen) set to two pulses for 20 ms at 1400 V, as previously 

established for EPC cells (48). All transfected cells (~3 × 106 cells) were mixed in L-15 supplemented 

with 10% FBS and penicillin (100 U/mL)-streptomycin (100 μg/mL), incubated at 20°C. At 24h post-

transfection, medium was removed, cells were washed once with ice-cold DPBS and directly lysed 

in Laemmli buffer (45 mM Tris, 345 mM glycine, 38% glycerol, 4.8% SDS, 20% β-mercaptoethanol, 

0.04% bromophenol blue) for 45 min at 4°C. Cell lysates were collected, incubated at 100°C for 5 

min and stored at -80°C until use for western blot analysis. 

Real-time quantitative PCR 

EPC-EC cells were seeded in 6-well plates to a final density of 2.5 × 106 cells/well in L-15 

supplemented with 2% heat-inactivated FBS and penicillin (100 U/mL)-streptomycin (100 μg/mL) 

and incubated overnight at 20°C. The next day, cells were either infected with rVHSV-Tomato (MOI 

0.05) or IPNV31.75 (MOI 0.001) at 14°C for 24, 48 or 72hpi (n=4 for each time point), stimulated 

with recombinant Pimephales promelas type I IFN supernatant diluted to 1:10 in L-15 supplemented 

with 2% FBS and penicillin (100 U/mL)-streptomycin (100 μg/mL) for 24h or left untreated (n=3 for 

each condition). Recombinant Pimephales promelas type I IFNφ1 supernatant was a kind gift from 

Dr. Stéphane Biacchesi (Université Paris-Saclay, INRAE, UVSQ, VIM, Jouy-en-Josas, France) and 

was produced as previously described (49). 

Total RNA was extracted from cells in individual P6 wells in triplicates or quadruplicates using 

QiaShredder and RNeasy mini kits (Qiagen) in accordance with the manufacturer’s instructions. 
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Quality control of the samples was determined using a Nanodrop spectrophotometer. The cDNA was 

generated from 4 µg (VHSV experiment) or 3 µg (IFN experiment) of total RNA using the iScript™ 

Advanced cDNA Synthesis Kit for RT-qPCR (BioRad) and the synthesis was performed in a thermal 

cycler (Eppendorf) as recommended by the manufacturer. cDNA was diluted in DNase- and RNase-

free water to reach a final concentration of 10 ng/µL and stored at -20°C until use. “No RT” control 

reactions were made by omitting the reverse transcriptase. 

The cDNA was mixed with iTaq™ Universal SYBR® Green SupermixTB (Biorad) along with 

forward and reverse primers (Table 2) at a final concentration of 300 nM each in Twin.tec® real-time 

PCR plates (Eppendorf). Amplification was performed using a Realplex2 Mastercycler (Eppendorf) 

using the following cycling program: initial denaturation at 95°C for 3 min followed by 40 cycles of 

10 sec at 95°C and 30 sec at 60°C. For each biological replicate, mean Cq values of target genes were 

calculated based on technical duplicate reactions and then normalized using Cq values of a 

housekeeping gene (Ppactin). The relative expression of each target gene (Ppviperin and Ppmx1) was 

expressed as 2−∆Ct, which was then used to calculate their respective fold change in comparison to 

non-stimulated cells. For each set of primers, the efficiency was calculated by linear regression 

obtained by using five-fold serial dilutions of a pool of cDNA and the qPCR products were validated 

by sequencing. 

RNA-Seq analysis 

Cell stimulation and RNA extraction 

WT EPC-EC cells and viperin-/- EPC-EC-Vip-C7 cells were seeded, stimulated with recombinant 

Pimephales promelas type I IFNφ1 supernatant or left untreated, and total RNA was extracted and 

quantified, as described in the “RT-qPCR” section. To remove any contaminating DNA, 3 µg of total 

RNA from each sample were DNase-treated, using Turbo DNA-free™ kit (Invitrogen), according to 

the manufacturer’s instructions. 

Illumina sequencing and mapping of reads 

Sequencing of RNA samples was performed at I2BC sequencing platform (Gif-sur-Yvette, France), 

using a NextSeq 500/550 High Output v2 kit (Illumina). Raw data were processed using bcl2fastq2-

2.18.12 (demultiplex), Cutadapt 3.2 (adapter trimming), FastQC v0.11.5 (quality control), resulting 

in 58-90M reads (72M reads in average per sample post-adapter trimming). In total, 87.5% of the 

sequences could be aligned with STAR (v2.7.10b; options: --sjdbGTFtagExonParentTranscript 

Parent) on the Pimephales_promelas genome/transcriptome (GCA_016745375.1 with NCBI 

annotation release 100 for the genes definition). 76.4% of these alignments were assigned to genes 
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using featureCounts (subreadds v1.5.2; options: -p -C -t gene). All raw sequences have been deposited 

in the Sequence Read Archive repository under accession number PRJNA1076136. 

Identification of human and zebrafish orthologs 

All putative proteins corresponding to retrieved fathead minnow genes were subjected to tBlastn 

analysis against the NCBI peptide sequences of zebrafish (Ensembl version 104, genome reference 

GRCz11) and human (Ensembl version 104, genome reference GRCh38p13) to generate for each 

fathead minnow gene a corresponding zebrafish best Blast hit and human genome nomenclature 

committee identifiers (HGNC IDs) (aka. official gene symbols). For genes with several isoforms, the 

one encoding for the longest protein was chosen and used as bait for Blast analysis. 

Identification of differentially expressed genes 

Pre-processing checks and identification of any potential outliers was performed through graphical 

analysis, including hierarchical clustering and PCA plots. Differentially expressed genes between 

IFN-treated WT EPC-EC cells or viperin-/- EPC-EC-Vip-C7 cells and their respective non-treated 

controls  (i.e. IFN vs Ctrl for each cell line) and between viperin-/- EPC-EC-Vip-C7 compared to WT 

EPC-EC cells at the steady state or following IFN treatment  (i.e. KO vs WT for each treatment 

condition), were identified. Differentially expressed genes were identified using DESeq2 R package 

(50). p-values were adjusted for multiple testing using Benjamini-Hochberg procedure. Genes were 

considered differentially expressed if they met the following criteria: adjusted p value < 0.05; log2fold 

change >1 (upregulated genes) or <-1 (downregulated genes). 

Gene set enrichment analysis 

For functional gene set enrichment, Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway analysis were performed on DEGs using the web interface DAVID 

(51). The predicted GO terms and KEGG pathways were based on the lists of official gene symbols 

corresponding to fathead minnow DEGs without using expression or fold change values. In order to 

identify effects on the pathways, up- and downregulated DEGs were inputted into DAVID separately. 

The same lists of official gene symbols were also analyzed with Ingenuity Pathway Analysis (IPA, 

Qiagen). 

rVHSV-Tomato fluorescence monitoring 

The replication of rVHSV-Tomato in infected cell lines was monitored by sequential fluorescence 

measurement. WT EPC-EC, viperin-/- EPC-EC-Vip-C7 and EPC-EC-Vip-C11 cells were seeded in 

96-well plates to a final density of 1 × 105 cells/well in L-15 medium supplemented with 2% heat-

inactivated FBS and penicillin (100 U/mL)-streptomycin (100 μg/mL) and incubated overnight at 
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20°C. The next day, the medium was removed and the cells were infected in octuplicates with 100 µL 

of rVHSV-Tomato diluted in L-15 without Phenol Red (Gibco) supplemented with 2% heat-

inactivated FBS and penicillin (100 U/mL)-streptomycin (100 μg/mL) to reach MOI 0.1, 1 or 10 or 

left uninfected. At 24, 32, 48, 56, 72, 80 and 96h post-infection, the tomato red fluorescence was 

measured using a fluorometer (Tecan Infinite M200PRO) with excitation and emission wavelengths 

of 548 and 593 nm, respectively. The fluorescence values were corrected by subtracting the mean 

values obtained from the non-infected wells. 

Statistical analysis 

Apart from RNA-seq analysis, results shown in each figure were derived from at least two 

independent experiments; the data presented are means ± standard deviation (SD). Statistical tests 

used are indicated in the legend of each figure. All statistical analyses were performed using 

GraphPad Prism software version 9.5.1. For RNA-seq data, the statistical tests used in this study are 

included in the “RNA-seq analysis” section. 

Results 

Comparative analysis indicates that the genome of fathead minnow likely contains a unique 

viperin gene 

Although a single viperin gene has been found in mammals and birds, reported numbers of viperin 

paralogs can vary from one to three in bony fish. For instance, tBlastn analysis revealed the presence 

of a unique viperin gene in fugu (Takifugu rubripes, LOC101074024), Japanese medaka (Oryzias 

latipes, LOC101175536), and zebrafish (Danio rerio, LOC570456). In contrast, in salmonid species 

- whose common ancestor has undergone a whole genome duplication event (52), two viperin 

paralogs are located on distinct loci in species belonging to the genus Salmo, including Atlantic 

salmon (S. salar, LOC100195910, LOC106566099) and brown trout (S. trutta, LOC115162541, 

LOC115172835) and three paralogs in species belonging the genus Oncorhynchus, including rainbow 

trout (O. mykiss, LOC100135876, LOC110504183, LOC110498119) (Figure 1A), chinook salmon 

(O. tshawytscha, LOC112256495, LOC112255730, LOC112262031), sockeye salmon (O. nerka, 

LOC115138320, LOC115138321, LOC115146395) and coho salmon (O. kisutch, LOC109903880, 

LOC109903881, LOC109894649). Two of the three paralogs are tandemly arranged in head-to-tail 

orientation on the same chromosome, suggesting that they resulted from an independent tandem 

duplication event specific to the genus Oncorhynchus. 

A unique viperin sequence (LOC120476724) is present in the current genome assembly 

EPA_FHM_2.0 (NCBI RefSeq assembly GCF_016745375.1) of the fathead minnow (Pimephales 
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promelas), located on the unplaced scaffold NW_024121099.1. A 874-bp EST sequence 

(GH713605.1) covering 76% of the CDS from the predicted transcript (XM_039667881.1) with 

100% identity supports the assembly and shows that the gene is expressed. The existence of a single 

viperin gene in fathead minnow is further supported by the presence of a unique ortholog in closely 

related cyprinid species, including zebrafish (Danio rerio; LOC570456), amur ide (Leuciscus 

waleckii; FLSR01004878:5743602-5746539), and grass carp (Ctenopharyngodon idella; 

LOC127498383); importantly these genes are located in a well-conserved synteny group 

(Figure 1A). The sequence of the predicted protein XP_039523815.1 contains 345 amino acids and 

shares 70.9%, 70.8% and 68.6% identity with human VIPERIN (Homo sapiens, NP_542388.2), 

chicken Viperin (Gallus gallus, NP_001305372.2) and frog Viperin (Xenopus tropicalis, 

XP_002935073.2), respectively. These results confirm that this protein is highly conserved in teleosts 

as well as among vertebrates (7,12). 

To determine whether the viperin gene was present in the EPC-EC genome and expressed by these 

cells, nested PCR primers specific to the 5' and 3' untranslated regions (UTR) and to the 5’ and 3’-

ends of the CDS (Figure 1B) were used with cDNA from IPNV-infected EPC-EC cells and resulted 

in the amplification of a fragment of 1038 bp. This product matched the coding sequence of the 

viperin transcript (XM_039667881.1) predicted from the NCBI model with 100 % identity 

(Figure 1B). Structural domain analysis of the Viperin 345-aa polypeptide using SMART (Simple 

Modular Architecture Research Tool) (53) revealed the presence of a N-terminal transmembrane 

helix region (Phe13-Ile35) and a central radical SAM domain (Tyr61-Leu247), which comprises the 

canonical motif CX3CX2C (67-74) characteristic of the radical SAM superfamily (Figure 1B). More 

specifically, the conserved motif NΦHX4CX3CX2CF (Φ being W, Y or F), recently described for all 

ddhNTP synthases (15) is also present in the sequence of fathead minnow Viperin (residues 60-75). 

Of note, the C-terminal tryptophane residue (W345), which is required for Viperin antiviral activity 

by playing a role in substrate recognition and/or interaction with partner proteins or cofactors such as 

cytosolic Fe/S protein assembly factor CIAO1 (4,54), is also conserved in fathead minnow Viperin. 

This organization of functional domains is shared with the Viperin of other vertebrates (7,12). 

viperin is induced following type I IFN stimulation and during viral infections in EPC-EC cells 

The expression profile of viperin transcripts in EPC-EC cells in response to recombinant type I IFN 

and to viral infection was determined by RT-qPCR. For this purpose, two different viruses were used: 

viral hemorrhagic septicemia virus (VHSV), an enveloped negative-sense single-stranded RNA virus 

belonging to the genus novirhabdovirus, and infectious pancreatic necrosis virus (IPNV), a naked, 

double-stranded RNA virus belonging to the genus aquabirnavirus. To track the progression of the 

viral infection, we used a recombinant VHSV encoding the fluorescent protein tdTomato (rVHSV-
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Tomato) (42). In addition to viperin, the expression pattern of mx1, another conserved type I IFN 

stimulated gene, was also examined for comparative purposes. 

A strong induction of both viperin and mx1 mRNA expression was observed at 24h post-stimulation 

with recombinant fathead minnow type I IFN1 (3.2- and 2.5-logfold increase, respectively) 

compared to non-stimulated cells (Figure 2). Similarly, both genes were significantly induced at 72h 

post-infection with rVHSV-Tomato (2.6- and 1.5-logfold increase, respectively) (Figure 2). In 

contrast, while viperin was also highly induced at 72h post-infection with IPNV31.75 (3.1-logfold 

increase), mx1 only displayed a weak but still significant induction at the same timepoint with this 

virus (0.5-logfold increase) (Figure 2). Comparable results were previously obtained in the rainbow 

trout RTG-P1 cell line, where it was reported that IPNV suppressed the early activation of mx 

expression (55). 

Altogether, our results show that viperin transcripts are strongly induced by both type I IFN and viral 

infections in EPC-EC cells. Furthermore, these observations support the use of EPC-EC as a parental 

cell line for the development of a viperin-/- cell line to investigate the effects of its gene on responses 

to viral infection. 

CRISPR/Cas9-based edition of the viperin gene leads to null mutation and abolishes Viperin 

expression in EPC-EC cells 

To better understand the functions of fathead minnow Viperin, we disrupted the viperin gene in the 

EPC-EC cell line, using CRISPR/Cas9 technology. Two clonal cell lines deriving from FACS-sorted 

single cells, named EPC-EC-Vip-C7 and EPC-EC-Vip-C11, were further characterized. Both clones 

presented heterozygous mutations at the cutsites targeted by the two sgRNA used: a 1-nt deletion and 

2-nt deletion at sgRNA-Vip2 target site and a partial 1-nt insertion at sgRNA-Vip1 target site, most 

likely affecting one haplotype only (Additional file 1). In order to fully genotype these clones, the 

PCR products comprising the sgRNA target sites were cloned into TOPO TA vectors and individual 

clones were sequenced. Surprisingly, the results revealed the presence of 3 distinct haplotypes from 

each clone (Figure 3A,B), hereafter referred to as sequence A, sequence B and sequence C. Sequence 

A displayed a 1-nt deletion (152delC) at sgRNA-Vip2 cut site and no indel at sgRNA-Vip1 cut site 

(noted as -1/0); sequence B featured the same 1-nt deletion at sgRNA-Vip2 and a 1-nt insertion 

(230_231insT) at sgRNA-Vip1 cut site (noted as -1/+1) and sequence C had a 2-nt deletion 

(152_153delAC) at sgRNA-Vip2 cut site and a 1-nt insertion (230_231insT) at sgRNA-Vip1 cut site 

(noted as -2/+1). All indels resulted in frameshifts and in the appearance of premature stop codons at 

position 53 (D51fsX53 for sequences A and B) or at position 96 (G52fsX96 for sequence C) 

(Figure 3B). Importantly, in sequence B, the frameshift at sgRNA-Vip2 generated a premature stop 
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codon upstream the sgRNA-Vip1 ensuring an overall null mutation (Additional file 2). The existence 

of three and not just two different sequences can be explained in three ways: (1) each “clone” does 

not derive from a single cell; (2) there are at least two viperin paralog genes in the genome of fathead 

minnow; (3) the EPC-EC cell line and/or EPC-EC-Vip clones have undergone a local duplication 

event or (partial) chromosome gain during their respective development processes, resulting in more 

than two copies of the viperin gene.  

As we could not exclude that these observations were due the presence of two highly similar viperin 

genes in the genome of EPC-EC cells, it was important to assess the expression of Viperin at the 

protein level. Preliminary western blot experiments showed that the expression of Viperin was 

induced in EPC-EC cells upon stimulation with poly(I:C), a synthetic dsRNA (data not shown). 

Therefore, we investigated the abolition of the Viperin expression in both EPC-EC-Vip-C7 and -C11 

clones by western blot using poly(I:C) as an inducer. Our results showed that Viperin was induced in 

WT EPC-EC cells following exposure with poly(I:C) and its expression peaked as early as 24h post-

stimulation. In contrast, no Viperin signal was detected at any of the time points examined (24-72hpi) 

in viperin-/- EPC-EC-Vip-C7 and -C11 clones (Figure 3C,D, Additional file 3). Similar results were 

obtained using type I IFN supernatant as an inducer of Viperin expression (Additional file 4). These 

results confirmed that the expression of Viperin was effectively disrupted in both clones. 

viperin knockout has a significant impact on the cellular transcriptome regardless of its 

induction status 

To explore the functions of Viperin, we used a whole transcriptome sequencing approach to compare 

gene expression in WT EPC-EC cells and viperin-/- EPC-EC-Vip-C7 cells, at the steady state and 

following a 24h treatment with type I IFN. To visualize the transcriptome response of WT EPC-EC 

and viperin-/- EPC-EC-Vip-C7 to type I IFN, a principal component analysis (PCA) and hierarchical 

clustering were performed on gene expression datasets and revealed the clustering of individual 

samples into groups reflecting Viperin status (presence/absence) and stimulation status (non-

stimulated/IFN-treated) (Figure 4A, Additional file 5). In particular, the viperin knockout explains 

38.6% of the variance (horizontal axis, dimension 1) while IFN treatment explains 22.2% of the 

variance (vertical axis, dimension 2). A total of 19,871 expressed genes were subjected to differential 

expression analysis, of which 18,955 were protein-coding genes (Additional file 6). The accuracy of 

the RNA sequencing and the resulting differential expression analysis were verified by assessing the 

expression of a few ISGs by RT-qPCR. The results showed the same expression pattern for all the 

genes examined, thereby validating the RNA-Seq data (Additional file 7). 
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In the following paragraphs, four different sets of DEGs were analyzed, depending on the type of 

comparison intended: [set 1] genes differentially expressed upon type I IFN treatment compared to 

non-stimulated condition (control) in the WT cell line; [set 2] genes differentially expressed upon 

type I IFN treatment compared to control condition in the viperin-/- cell line; [set 3] genes 

differentially expressed in the viperin-/- cell line compared to the WT cell line at the steady state 

(control condition); [set 4] genes differentially expressed in the viperin-/- cell line compared to the 

WT cell line upon type I IFN treatment. In other words, sets 1 and 2 focus on the transcriptomic 

response to type I IFN in each cell line, respectively, while sets 3 and 4 highlight the impact of Viperin 

(presence/absence) on the cellular transcriptome at the steady state (i.e. without Viperin expression 

being induced) and following type I IFN stimulation (i.e. under Viperin induction condition). 

Concerning sets 1 and 2, a large number of protein-coding genes were upregulated upon type I IFN 

treatment compared to the control condition in both cell lines (487 DEGs in the WT cell line and 661 

DEGs in the viperin-/- cell line) whilst fewer genes were downregulated (124 DEGs in the WT cell 

line and 189 DEGs in the viperin-/- cell line) (Figure 4B,D; Additional file 8). Of note, a large 

majority of genes upregulated upon IFN treatment (> 60%) are shared in both cell lines. In contrast, 

when comparing DEGs in the viperin-/- cell line compared to the WT cell line (sets 3 and 4), more 

protein-coding genes were significantly differentially expressed both at the steady state and upon type 

I IFN treatment: 722 and 875 genes were more expressed in the viperin-/- cell line compared to the 

WT cell line at the steady state and upon type I IFN treatment, respectively, while 943 and 1087 were 

less expressed in these same conditions, respectively (Figure 4C,E; Additional file 8). Strikingly, 

more than 60% of the genes which are less expressed in viperin-/- cells compared to WT are shared at 

the steady state and following IFN treatment and more than 55% of the genes which are more 

expressed in viperin-/- cells than in WT are also common to both conditions, indicating that Viperin 

has a significant impact on the whole transcriptome, regardless of its induction status. 

Viperin does not modulate the canonical type I IFN response but likely plays a role in the 

modulation of the inflammatory response 

To analyze the transcriptomic changes in both cell lines and identify the different pathways in which 

Viperin might be involved, we performed gene set enrichment for GO terms and KEGG pathways, 

based on official names (HGNC) of human orthologs of the differentially expressed fathead minnow 

genes, using the web interface DAVID (51). 

Viperin does not modulate the canonical type I IFN response. Most GO terms were commonly 

enriched in the set of genes upregulated upon type I IFN treatment in the WT cell line (set 1) and in 

the viperin-/- cell line (set 2) (Additional file 9). The 26 Biological Processes significantly enriched 
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in the WT cell line were included in the 46 terms obtained from the viperin-/- cell line. Many of these 

terms include generic GO terms associated with immune or inflammatory responses. In particular, 

the most significantly enriched terms  (i.e. with the lowest of p value) were “GO:0051607~defense 

response to virus” and “GO:0045087~innate immune response” in both cell lines. More specific terms 

related to IFN response ranked among the terms with the highest fold enrichment, including 

“GO:0002753~cytoplasmic pattern recognition receptor signaling pathway” (26-fold enrichment in 

WT, 18-fold enrichment in viperin-/- cell line), “GO:0060333~interferon-gamma-mediated signaling 

pathway” (18-fold enrichment in WT, 14-fold enrichment in viperin-/- cell line), 

“GO:0032727~positive regulation of interferon-alpha production” (19-fold enrichment in WT, 13-

fold enrichment in viperin-/- cell line) and “GO:0032727~positive regulation of interferon-alpha 

production” (13-fold enrichment in WT, 10-fold enrichment in viperin-/- cell line). Consistent results 

were obtained from the KEGG pathway analysis, where “hsa04623:Cytosolic DNA-sensing 

pathway”, “hsa04622:RIG-I-like receptor signaling pathway” as well as virus-specific pathways (e.g 

“hsa05160:Hepatitis C”, “hsa05164:Influenza A”) were among the most enriched pathways 

(Additional file 10). These results confirm that the type I IFN treatment was effective and further 

suggest that the IFN response was similar in both cell lines. 

However, DAVID analysis is only based on the lists of official gene symbols without using 

expression or fold change values. Therefore, it does not take into account a potential differential 

amplitude in gene expression between the two cell lines. In addition, differences of expression 

between multiple fish paralogs sharing a unique human ortholog cannot be analyzed in this way. To 

investigate whether the response magnitude to IFN treatment was different between the two cell lines, 

a linear regression was performed on the fold changes obtained for the 417 upregulated genes in both 

cell lines (Figure 4D) revealing a regression coefficient of 1.0693 (R2 = 0.9625). This observation 

shows that the intensity of the ISG response is remarkably similar between/in the two cell lines, 

suggesting that Viperin does not have a significant global impact on the modulation of this response. 

Consistent with this observation, no GO terms associated with the innate immune response were 

enriched in the lists of genes differentially expressed in the viperin-/- cell line compared to WT 

following type I IFN (Figure 5, right panel). For further confirmation, we compared the lists of genes 

differentially expressed in the viperin-/- cell line versus WT following type I IFN with a list of genes 

modulated by IFNφ1 in zebrafish larvae (56) (Additional file 11). Once again, very few genes were 

shared with the latter, further supporting that Viperin does not modulate the type I IFN response. It is 

therefore likely that viperin is essentially an effector gene in this pathway in EPC-EC cells. 

Viperin acts as a regulator of the inflammatory response. Although both cell lines share a majority 

of DEGs following IFN treatment, a fair share of genes are exclusively modulated in one of them. In 
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particular, 70 and 244 genes were exclusively upregulated in the WT and the viperin-/- cell line, 

respectively, while 81 and 147 genes were downregulated in the WT or the viperin-/- cell line only 

(Figure 4B,D). GO analysis of these sublists did not result in significantly enriched pathways except 

for the list of genes that are exclusively upregulated in the viperin-/- cell line upon IFN stimulation. 

Furthermore, for the other sublists, visual curation and IPA analysis did not lead to the identification 

of genes or pathways of interest. For the genes exclusively upregulated in the viperin-/- cell line upon 

type I IFN, two GO terms were significantly enriched: “GO:0032088~negative regulation of NF-

kappaB transcription factor activity” (9.1-fold enrichment) and “GO:0006954~inflammatory 

response” (4.4-fold enrichment) (Figure 6A). To further analyze the role of Viperin in the 

inflammatory response, the specific genes identified as being enriched in this pathway were extracted 

and their expression levels were represented in a heatmap ((Figure 6B). Interestingly, this subset of 

genes includes members of the NOD-like receptors (NLR) family, involved in the formation of 

signaling platforms (including inflammasomes and nodosomes) of the inflammatory response (57); 

genes involved in both canonical and non-canonical NF-κB pathways; as well as other genes playing 

a role in the inflammatory response. 

These genes can be classified into three categories depending on their expression pattern in the 

viperin-/- compared to the WT cell line: “pattern 1” includes genes (e.g. NOD1, NFKBIA, NFKB2, 

IL1R1) displaying no expression difference at the steady state but a higher induction in the viperin-/- 

cells compared to WT upon IFN treatment; “pattern 2” corresponds to genes (e.g. CYLD, CD40, 

ADM) that are significantly less expressed in viperin-/- cells versus WT at the steady state and upon 

IFN treatment, but that display a higher fold change (Ctrl vs. IFN) in the viperin-/- cells; “pattern 3” 

corresponds to the genes (e.g. most NLRC3 genes, UMOD, IL34) that show no significant expression 

difference between both cell lines at the steady state and upon type I IFN stimulation but still display 

a significant upregulation (Ctrl vs. IFN) in the viperin-/- cells. Pattern 1 highlights genes that are 

downregulated by Viperin upon IFN treatment only, pattern 2 reveals genes that are upregulated by 

Viperin at the steady state while their induction is mitigated by Viperin upon type I IFN treatment; 

pattern 3 shows genes of which expression can be modulated by Viperin, but not in all conditions. 

This suggests that Viperin modulates the expression of inflammatory genes in distinct and complex 

ways. 

NLRs proteins encoded by genes whose expression is modulated by Viperin have diverse structural 

domain compositions, which have been described in fish (58) (Figure 6C). Indeed, mammalian NLRs 

are typically composed of an N-terminal effector domain, a central nucleotide-binding domain 

(NACHT) and a C-terminal ligand-binding region that comprises several leucine-rich repeats (LRRs) 

(57). Members of the NLR family have been classified based on their N-terminal effector domain: 
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for instance, NOD1-2 exhibit a N-terminal CARD domain; NLRP1-14 present a pyrin domain, 

NLRC3-5 feature an untypical CARD or unknown effector domain (57). Although only a few of these 

NLRs-encoding genes, including NOD1-2 and NLRC3, present a direct ortholog in fish genomes, 

fish NLRs have also expanded into very large families of hundreds of proteins (58). Several of them 

are characterized by the presence of a C-terminal B30.2 domain, which is typically present in some 

tripartite motif containing (TRIM) and Pyrin proteins (58). Interestingly, in EPC-EC cells, Viperin-

modulated NLRs present diverse domain combinations (CARD, LRR, B30.2), which excludes the 

modulation of a single type of NLRs by Viperin. The genes annotated as NLRC4 and NLRP12 only 

present a partial structure (CARD and PYD, respectively), hence are not classified within the 

canonical NLR family. Finally, the gene wrongly annotated mefv (aka. pyrin, another inflammasome) 

presents a typical TRIM structure (Figure 6C). 

It is noteworthy that most of the NLRs genes modulated by Viperin are homologous to mammalian 

NLRC3, which is a non-inflammasome-forming NLR member that negatively regulates inflammation 

by inhibiting NF-κB activation (59,60). NLRC3-like genes mainly follow expression patterns 2 and 

3, suggesting that Viperin promotes their expression at the steady state but may limit their induction 

upon type I IFN. In contrast, NOD1, which promotes the inflammatory response by triggering the 

NF-κB and/or the MAPK pathways (61), follows expression pattern 1, indicating that Viperin 

downregulates its expression upon IFN treatment only. 

In addition to NLRs, Viperin downregulates the expression of proinflammatory genes, including 

IL1R1, encoding the IL1β receptor. Of note, the fathead minnow gene annotated as IL1R1 is 

homologous to the zebrafish CABZ01054965.1 gene, which was reported to be a functional ortholog 

for human IL1RL2 (62). IL1RL2 was shown to mediate IL-36-driven activation of NF-κB and to 

promote the secretion of proinflammatory chemokines and cytokines in epithelial tissues, likely in a 

similar fashion as IL-1α/β and IL-1R1 (63). Furthermore, genes involved in both canonical and non-

canonical NF-κB pathways (TRAF3, TRAF3IP2, NFKB2), which promote inflammation, were also 

more expressed in the viperin-/- cell line compared to WT upon type I IFN treatment (pattern 1). Other 

genes involved in the inflammatory response and following expression pattern 1 include genes with 

dual inflammatory functions, such as ADORA2a (64), as well as a few anti-inflammatory genes, such 

as TNIP1 (aka. TNFAIP3 interacting protein 1), which is an inflammation repressor that regulates 

NF-κB signaling (65) and NFKBIA, which inhibits the activity of dimeric NF-κB/Rel complex (66). 

In addition, CYLD, which encodes a deubiquitinase that down-regulates NF-κB activation and limits 

inflammation (67), and ADM, which encodes an anti-inflammatory peptide (68), both follow 

expression pattern 2, suggesting that Viperin promotes their expression at the steady state but limit 

their induction upon type I IFN. 
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Taken together, these results suggest that Viperin downregulates the expression of pro-inflammatory 

genes, including NOD1, IL1R1 as well as intermediate molecules and regulators of the NF-κB 

pathways, upon type I IFN treatment. Viperin also seems to modulate the expression of negative 

regulators of NF-κB activation (including NLRC3, CYLD) depending of its induction status: it may 

promote their expression at the steady state but limit their induction upon type I IFN. 

rVHSV-Tomato does not replicate better in viperin-/- cell lines 

Although Viperin does not seem to have a global impact on the IFN response in EPC-EC cells, we 

still assessed its antiviral role upon VHSV infection, as rVHSV-Tomato infection leads to a strong 

induction of viperin in this cell line (Figure 2). To investigate the effect of Viperin on virus 

replication, we used rVHSV-Tomato, in which an expression cassette encoding tdTomato was 

inserted in the N-P intergenic region of VHSV genome (42). As a consequence, tdTomato protein is 

only expressed during the replication cycle of the virus and fluorescence measurement can be used 

as a non-invasive indicator of viral replication. The evolution of the red fluorescence was sequentially 

monitored in WT EPC-EC and viperin-/- EPC-EC-Vip-C7 and -C11 cell lines from 24h to 96h post-

infection. Remarkably, the fluorescence signal was not significantly different in both viperin-/- clones 

compared to the WT cell line at any of the time points and MOI examined, suggesting that the 

knockout of viperin does not favor the replication of VHSV in this cell line (Figure 7). 

In addition, complementary experiments performed at lower MOIs (starting from MOI = 0.05) 

revealed that there was no difference in the appearance of CPE between WT EPC-EC cells and 

viperin-/- EPC-EC-Vip-C7 and -C11 clones infected with 10-fold serial dilutions of VHSV (data not 

shown). These results further indicate that the viperin knockout does not have a drastic effect on 

VHSV replication. 

Gene set enrichment analysis shows that Viperin may be involved in multiple pathways in 

addition to the type I IFN response 

To further explore the functional role of Viperin, we analyzed the results of gene set enrichment on 

DEGs in the viperin-/- cell line compared to the WT cell line, by combining analyses of set 3 (steady 

state) and set 4 (upon IFN treatment) (Figure 5). These two datasets highlight DEGs specifically 

modulated by the presence/absence of Viperin, under physiological conditions i.e. when viperin 

transcripts are weakly expressed (steady state, set 3); and under pathological conditions i.e. when 

viperin transcripts are highly expressed (IFN treatment, set 4), respectively. In other words, analysis 

of both sets helps identify a potential regulatory role of Viperin in either treatment condition (i.e. role 

dependent on the induction status of Viperin), or in both (i.e. constitutive role, regardless of induction 

status). 



 Results 2 – Viperin  

184 

Viperin modulates ECM organization and cell adhesion. Several GO terms were commonly 

enriched in both data sets regardless of the treatment. For downregulated DEGs, these shared GO 

terms fall into the large category of cellular adhesion and extracellular matrix (ECM) (Figure 5), such 

as “GO:0030199~collagen fibril organization” (8.7-fold enrichment in viperin-/- cell line compared 

to the WT cell line at the steady state; 7.2-fold enrichment upon IFN treatment) and 

“GO:0030198~extracellular matrix organization” (4.1-fold enrichment at the steady state; 3.9-fold 

enrichment upon IFN treatment). A few GO terms associated to this category were also specifically 

found in either treatment condition, such as “GO:0007160~cell-matrix adhesion” (3.6-fold 

enrichment) and “GO:0007157~heterophilic cell-cell adhesion via plasma membrane cell adhesion 

molecules” (5.0-fold enrichment), which were specifically enriched in downregulated DEGs at the 

steady state. 

The ECM is a non-cellular network of macromolecules that are essential for many fundamental 

cellular functions, including structural support, cell adhesion, cell-to-cell communication and 

differentiation (69). It is mainly composed of proteoglycans, fibrous proteins (including collagens 

and fibronectin, which are primarily produced by fibroblasts and laminins, which are mainly specific 

to epithelial, endothelial, and mesenchymal cells) and other secreted globular proteins such as growth 

factors, cytokines and ECM-specific enzymes (metalloproteases, matrix crosslinking enzymes and 

their respective regulators) (70). In our study, several genes encoding fibrillar collagen α-chains (e.g. 

COL1A1, COL2A1, COL4A1, COL5A1, COL5A2, COL11A1, COL13A1, COL16A1, COL18A1) and 

non-collagenous proteins, such as laminins (LAMA1, LAMA2, LAMA4) and fibronectins (FN1) were 

found in the aforementioned enriched ECM-related GO terms (Figure 8, Additional file 12). Other 

genes enriching either pathway include metalloproteases (including ADAMTS7, ADAMTS2, 

ADAMTS14, MMP2, MMP14, TLL1, BMP1), involved in the remodeling of the ECM (71), members 

of the lysyl oxidase (LOX) family (e.g. LOX, LOXL2, LOXL3, LOXL4) as well as regulators of matrix 

proteases (e.g. RECK, SPINT1), that are important for the assembly, structural organization, 

maintenance and homeostasis of the ECM (72). 

As mentioned above, adhesion is one of the major biological functions of the ECM. ECM-cell 

adhesion is mediated by ECM transmembrane receptors, such as integrins, which bind to several 

ECM components, such as laminins, collagens, and fibronectin via their extracellular domain, thereby 

forming hemidesmosomes or focal adhesions (73). Furthermore, cell adhesion also involves cell-cell 

junctions, which are mainly mediated by the cadherins for adherens junctions and desmosomes, or 

by claudins and occludins for tight junctions (74). In our study, the GO term “GO:0007155~cell 

adhesion” obtained from the list of downregulated genes in the viperin-/- cell line compared to the WT 

cell line in both treatment conditions ranked among the most significantly enriched terms (i.e. with 
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the lowest of p value) (Figure 5). Besides collagen-encoding genes, modulated genes include most 

of the adhesion proteins mentioned above, including integrins (ITGs) (e.g. ITGA2, ITGA6, ITGA8, 

ITGA9, ITGA10, ITGA11, ITGB3), proteins belonging to the cadherin superfamily, such as cadherin 

2 (CDH2) and protocadherins (e.g. PCDH1, PCDHA2, PCDHAC2, PCDH10, PCDH17, PCDH18), 

cadherin related proteins (CDHR1, CDHR5) as well as genes from the claudin (CLDN) family 

(CLDN6, CLDN11, CLDN19) (Additional file 12). Furthermore, genes coding adapter proteins, such 

as talins (TLN2), α-actinins (ACTN2), and catenins (CTNND2) which make the connection between 

the intracellular domains of ITG and CDH, respectively, and the cytoskeleton (75,76) are also 

included in the lists of DEGs between WT and viperin-/- cell lines. Finally, thrombospondins (THBS1-

4), which are glycoproteins that play an essential role in regulating cell-cell and cell-matrix 

interactions (77), are also downregulated in the viperin-/- cell line compared to the WT. Of note, 

KEGG pathway analysis revealed similar pathways enriched in the downregulated gene sets, 

including “hsa04512:ECM-receptor interaction” and “hsa04510:Focal adhesion” (Additional 

file 13). Visualization of DEGs imposed on top of the ECM-receptor interaction pathway (Additional 

file 14) illustrates the extent to which this pathway is modulated in the viperin-/- cell line compared 

to the WT. 

Altogether, these results suggest that Viperin promotes ECM organization and cell adhesion, mainly 

independently from its induction status. 

Viperin is a positive regulator of bone and cartilage metabolism. Several GO terms related to bone 

and cartilage formation are also strikingly enriched in the lists of genes downregulated in the viperin-

/- cell line compared to the WT cell line, including “GO:0035988~chondrocyte proliferation” (10.7-

fold enrichment) and “GO:0001503~ossification” (4.7-fold enrichment) in the control condition, 

“GO:0060346~bone trabecula formation” (13.2-fold enrichment) and “GO:0001501~skeletal system 

development” (3.3-fold enrichment) in the IFN stimulated condition and “GO:0001649~osteoblast 

differentiation” shared in both conditions (3.3- and 3.5-fold enrichment, respectively) (Figure 5). The 

ECM is known for playing a critical role in bone formation (78), a significant number of genes 

involved in ECM organization and cell adhesion are also found in bone-related GO terms, including 

collagens (in particular type I collagen encoded COL1A1) as well as genes encoding non-collagenous 

proteins, such as MMPs (e.g. MMP2, MMP14, MMP16) and THBSs (e.g. THBS3). Furthermore, 

several genes encoding bone morphogenetic proteins (BMPs), including BMP3 and BMP5, were also 

among these downregulated genes. BMPs are secreted cytokines, members of the TGF-β superfamily, 

and integral components of the bone ECM involved in developmental processes and bone formation. 

They trigger activation cascades through receptor binding leading to the transcription modulation of 

target genes involved in developmental processes and bone formation (79). Interestingly, several 
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genes involved in the BMP signaling pathways were also downregulated in the viperin-/- cell line 

compared to the WT cell line, including a few receptors of BMPs (BMPR1B), BMP antagonists such 

as Noggin (NOG) and Follistatins (FST, FSTL1, FSTL4), which inhibit BMP activity by direct binding 

to BMPs and/or to their respective cell surface receptors (80,81), molecules involved in their signaling 

pathways such as mitogen activated protein kinases (MAPKs) (e.g. MAPK11, MAP2K6), as well as 

their downstream targets such are MSX transcription factors (MSX2) (79,82). Altogether, our results 

suggest that Viperin is involved in the modulation of a genes sets involved in bone metabolism, 

regardless of its induction status. 

Viperin downregulates one-carbon metabolism. The GO term “GO:0006730~one-carbon metabolic 

process’ is enriched in the list of genes upregulated in the viperin-/- cell line compared to the WT cell 

line in the control condition (Figure 5). This term is of particular interest as one carbon metabolism 

results in the generation of SAM, which is a cofactor used by Viperin for the generation of ddhCTP. 

One carbon metabolism is a network of biochemical reactions that deliver one-carbon units (i.e. 

methyl groups) to various biosynthetic pathways supporting biosynthesis of nucleotides (purines and 

thymidines), homeostasis of amino acids (glycine, serine, and methionine), epigenetic maintenance 

via histone methylation, and maintenance of redox balance (Figure 9B) (83). It comprises two 

interconnected metabolic pathways: the folate cycle and the methionine cycle. In the latter, 

methionine is converted into SAM by the methionine adenosyltransferase (MAT), encoded by 

MAT2A/B, in an ATP-dependent manner (84). SAM is considered the main methyl donor in various 

biochemical reactions, including radical-mediated biochemical transformations; S-

adenosylhomocysteine (SAH), the product of enzymatic extraction of the methyl group from SAM is 

converted to homocysteine, which can be “recycled” to methionine for the cycle to continue. This 

process requires vitamin B12 as a cofactor and uses a one-carbon unit that can be sourced from the 

folate cycle (methyl-THF) (84). In the viperin-/- cell line, upregulated genes comprise MAT2A, which 

is directly involved in the generation of SAM, as well as enzymes from the folate cycle, including 

aldehyde dehydrogenases (ALDHs), serine hydroxymethyl transferases (SHMTs) and 

methylenetetrahydrofolate dehydrogenases (MTHFDs) (Figure 9). Of note, the KEGG pathway 

“hsa00270:Cysteine and methionine metabolism”, which is directly connected to one-carbon 

metabolism, is also enriched in the viperin-/- cell line compared to the WT (4.2-fold enrichment), and 

specific genes involved in glutathione synthesis (e.g. cystathionine gamma-lyase (CTH), glutathione 

synthetase (GSS)) are upregulated (Additional file 13). These results suggest that in non-induced 

conditions but not after type I IFN stimulation, Viperin may act a negative regulator of the one-carbon 

metabolism, likely leading to reduced SAM generation via a negative feedback loop. 
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Viperin downregulates exocytosis. The GO term “GO:0006887~exocytosis” is enriched in the list of 

genes upregulated in the viperin-/- cell line compared to the WT cell line upon stimulation with type 

I IFN (Figure 5). Exocytosis is a type of active bulk transport resulting in the fusion of a vesicle with 

the plasma membrane and the release of molecules into the extracellular space (85). It involves vesicle 

trafficking along cytoskeleton filaments, vesicle tethering, vesicle docking and vesicle fusion with 

the plasma membrane. In the viperin-/- cell line, upregulated genes are mainly involved in the 

regulation of vesicle exocytosis (e.g. CADPS2, RIMS1, RIMS2) or in vesicle tethering (e.g. 

EXOC3L4). These results indicate that Viperin might be involved in the regulation of exocytosis. 

 

Discussion 

In this study, we have developed a fathead minnow epithelial-like cell line, in which the unique 

viperin gene has been knocked-out by CRISPR/Cas9 genome editing. Using a transcriptomic 

approach, we showed that in our model Viperin does not modulate the type I IFN response as many 

other ISG products do (86), suggesting that Viperin is only an effector gene of the type I IFN response 

stricto sensu. Our data indicate that it negatively regulates a number of genes involved in the 

inflammatory response, especially at steady state. In addition, Viperin appears to regulate the 

expression of key genes involved in multiple cellular processes, including one carbon metabolism, 

bone formation, extracellular matrix (ECM) organization and cell adhesion, even under non-

pathological conditions. 

Are EPC-EC and/or EPC-EC-Vip cell lines aneuploid? 

During the sequencing step in the development of the viperin-/- clonal cell line, we identified three 

distinct genotyping sequences amplified by PCR from the gDNA of two isolated clones. The 

existence of three and not just two different sequences, corresponding in theory to each haplotype, 

can be explained in three ways: (1) each cell line does not derive from a single cell and is therefore 

not clonal and homogeneous; (2) there are at least two viperin paralog genes in the genome of fathead 

minnow; (3) the EPC-EC cell line and/or EPC-EC-Vip clones have undergone a local duplication 

event (tandem duplication), full chromosome gain (trisomy) or partial chromosome gain (e.g. partial 

trisomy following unbalanced translocation event, for instance) of the portion carrying the viperin 

gene during their respective development processes, resulting in more than two copies of the viperin 

gene. The first hypothesis is unlikely insofar as the clones were FACS-sorted and the sequencing of 

manually obtained subclones resulted in similar results (Additional file 15). Although the second 

hypothesis cannot be completely ruled out, in silico analysis of the most recent genome assembly 

strongly suggests that the fathead minnow genome only comprises a unique viperin gene, like the 
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closely related species. The third hypothesis provides a fitting explanation for the three different 

sequences obtained from both EPC-EC-Vip-C7 and EPC-EC-Vip-C11 clones. Indeed, aneuploidy is 

a phenomenon relatively common in cultured mammalian cell lines (87,88) and several lines of 

evidence support the hypothesis that EPC-EC cells and/or its derivatives have undergone (partial) 

chromosome gain or local duplication during their respective development processes. Firstly, the 

three sequences obtained from the sequencing of both viperin-/- clones can reflect the three haplotypes 

arising from a (partial) trisomy or from a duplication event affecting one copy of the viperin gene. 

Secondly, it has been shown that chromosome gain is often associated with impaired proliferation 

(89). The EPC-EC cell line and all its derived clones have a much slower growth rate than the parental 

cell line EPC (data not shown), which is a phenomenon not observed in CHSE-EC cell line, deriving 

from CHSE-214 (44). Assuming that this aneuploidy hypothesis is true, the question arises as to 

whether both EPC-EC cells and EPC-EC-Vip-C7 and -C11 or only the viperin-/- clones are aneuploid, 

as it may have consequences on the transcriptomic data. We speculate that the event resulting in 

aneuploidy occurred during the development of the EPC-EC cell line and equally affects EPC-EC 

cells and their derivatives. Indeed, EPC-EC-Vip clones grow as slowly as EPC-EC cells. Furthermore, 

both viperin-/- EPC-EC-Vip-C7 and -C11 clones present a “triple” genotype; because independent 

identical aneuploidy-resulting events (or local duplication events) are unlikely, this suggests that this 

phenomenon predates the cloning step. Finally, it has been previously shown in MEFs containing a 

single extra copy of a chromosome that the expression of genes located on the additional chromosome 

was proportional to the gene copy number (~1.5-fold increase in trisomic cells for the duplicated 

genes) (89). In our case, the current fathead minnow genome (GCF_016745375.1, EPA_FHM_2.0) 

does not include chromosomes or linkage groups, which makes the analysis of additional (partial) 

chromosome(s) difficult. However, we assume that if (partial) chromosome gain happened during the 

development of the EPC-EC-Vip clones, it would be reflected in the expression of the genes located 

on the NW_024121099.1 containing the viperin gene. The analysis of the 925 genes located on 

NW_024121099.1 revealed that there were no significant and consistent fold change differences 

between EPC-EC-Vip-C7 and EPC-EC cells for both treatment conditions (Additional file 16). 

These results further support the hypothesis that if an event resulting in aneuploidy has affected the 

cells, it has most likely occurred during development of the parental line, EPC-EC.  

Altogether, we propose that that both the EPC-EC cell line and its derivatives (EPC-EC-Vip-C7 and 

-C11) have more than one copy of viperin, resulting in the genotyping sequences observed.  

Role of Viperin in the IFN response and in the antiviral response 

We have shown that Viperin does not globally modulate the amplitude of the canonical type I IFN 

response, suggesting that it mainly acts as an effector gene in the canonical type I IFN response in 
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our epithelial fish cell line model. These results are not in line with previous published work, which 

reported that fish Viperin modulates the expression of some genes involved in IFN and inflammatory 

response (9,38,39). However, these studies were based on overexpression approaches, which lead to 

unnaturally high levels of the protein of interest that may distort the effects of the endogenous protein. 

Alternatively, the use of type I IFN as an inducer of Viperin might also explain this discrepancy: 

indeed, Wang et al. found that overexpression of the splicing variant (lacking exon 5) but not the full-

length isoform of fathead minnow Viperin could induce the expression of RIG-I, IRF3 IRF7, type I 

IFN, MxA and PKR in FHM cells and this variant was only expressed upon infection with SVCV 

and not upon poly(I:C) stimulation (39). Whether this variant can be expressed in our fathead minnow 

EPC-EC cell line is currently not known but the putative corresponding protein was not detected by 

Western blot upon stimulation with type I IFN supernatant (Additional file 4). Several studies on 

mammalian models did not provide unified results either concerning the role of Viperin on the 

regulation of the IFN response (25,90,91). It was initially described that mammalian Viperin could 

promote the activation of key signaling mediators involved in the TLR7 and TLR9 pathways in 

plasmacytoid dendritic cells, thereby facilitating the production of type I IFN, but it was not involved 

in the production of type I IFN upon transfection with intracellular nucleic acids in MEFs (25). In 

contrast, Viperin was found to act as a negative regulator of IFN-β induction in bone-marrow derived 

macrophages (BMDMs) upon poly(I:C) or 5’ppp-dsRNA transfection or type I IFN treatment (90). 

These discrepancies may arise from the differences in cell types, inducers and/or assays used (92). 

As a matter of fact, a recent study has reported that Viperin differentially modulated the induction of 

ISGs in a cell type- and inducer-dependent manner (91). Altogether, our results show that, in epithelial 

cells, fathead minnow Viperin does not seem to have a major regulatory role on the expression of 

ISGs upon treatment with type I IFNs. Nonetheless, this observation does not exclude a role of fathead 

minnow Viperin in regulating the canonical IFN response in other cell types (dendritic cells, 

macrophages) and/or with another inducer (dsRNA, virus infection). 

We observed no differences in fluorescence between viperin-/- and WT cell lines infected with 

rVHSV-Tomato, suggesting that the viperin knockout did not result in higher replication of VHSV. 

In contrast, a recent study in viperin-/- zebrafish larvae infected with rVHSV-ΔNV-EGFP reported a 

higher GFP signal and a 10-fold increase in VHSV titer in viperin-/- larvae compared to WT larvae 

(1.6 × 107 vs 2.8 × 106 TCID50/mL) (13,41). Taken together, these observations are consistent with 

the cell-type dependent role of Viperin in the antiviral response, leading to more complex effects in 

a whole organism. 
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Role of Viperin in the inflammatory response 

Although Viperin does not seem to be involved in the regulation of the IFN response, the functional 

analysis of our transcriptomic data revealed that a specific subset of proinflammatory genes were 

exclusively induced in the viperin-/- cell line upon IFN stimulation, suggesting that Viperin might be 

a negative regulator of the inflammatory response. More specifically, our data revealed that Viperin 

modulates the expression of inflammatory genes in a complex manner: Viperin seems to 

downregulate the expression of specific pro-inflammatory genes upon type I IFN treatment and may 

also promote the expression of negative regulators of NF-κB activation at the steady state while 

limiting their induction upon type I IFN treatment. 

In the literature, some studies have shown that Viperin enhanced the proinflammatory response 

(93,94), while others have reported that it either did not modulate (25) or decreased the expression of 

proinflammatory genes (95). Similarly to what is known about the role of Viperin in the IFN response, 

these studies suggest its contribution to the proinflammatory response may also be cell type- and 

treatment-dependent. In addition, the mechanisms by which it may modulate the pro-inflammatory 

response remain largely unknown. It was recently shown that the catalytic activity of nucleoside 

kinase CMPK2 is essential for NLRP3 inflammasome activation (96). This nucleoside kinase 

functionally cooperates with Viperin, as it phosphorylates CDP into CTP, which is Viperin’s substrate 

(21). It was suggested that CMPK2 proinflammatory function was linked to its capacity to enhance 

mitochondrial DNA synthesis via a mechanism that involves CTP synthesis (92,96). Because CTP is 

the preferential substrate for Viperin and it was proposed that CMPK2 and Viperin modulate the 

inflammatory response by increasing CTP production or consumption, respectively (92). This 

hypothesis is supported by the observation that Viperin-mediated conversion of CTP into ddhCTP 

leads to the depletion of the mitochondrial pool of CTP (22). 

Our transcriptomic data also point to some potential mechanisms leading the downregulation of the 

NF-κB pathways and other pro-inflammatory genes upon type I IFN treatment. In addition, Viperin 

seems to promote the expression of negative regulators of the NF-κB pathways, including several 

NLRC3-like genes, at the steady state. Of note, although mammalian NLRC3 has been shown to 

inhibit NF-κB activation via interactions with TRAF6, IRAK1 and/or TRAF3 (59,60), the functional 

role of NLRC3-like genes in fish is still unclear and their large expansion makes their characterization 

even more challenging (58,97). 

Overall, this study highlights a role for Viperin in the inflammatory response that would be interesting 

to characterize in more detail in a future study. In particular, investigating the role of Viperin during 

bacterial infections could be an area for future research. 
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Role of Viperin in other pathways 

Role of Viperin in one-carbon metabolism 

The gene set enrichment analysis of viperin-/- cell line compared to WT revealed that at the steady 

state, Viperin may downregulate one carbon metabolism. One carbon metabolism encompasses both 

folate and methionine cycles and participates in the generation of SAM, a cofactor required for the 

enzymatic activity of Viperin (20). We propose that Viperin might act as a negative regulator of one 

carbon metabolism under non-induced conditions, as a way to self-regulate the generation of ddhCTP. 

Indeed, although ddhCTP has been identified as a natural chain terminator of RNA-dependent RNA 

polymerase, endogenous ddhNTPs are small molecules with undefined functions (98). Recent studies 

have explored the role of ddhCTP in cellular metabolism: Hsu et al. have shown that ddhCTP 

generated by Viperin can lead to the activation of the integrated stress response and inhibition of 

protein translation by enhancing ribosome collisions upon overexpression and during infection with 

West Nile virus (99); Ebrahimi et al. have also provided evidence (albeit controversial) that ddhCTP 

was capable of inhibiting the enzymatic activity of NAD+-dependent enzymes (35). Although the 

underlying mechanisms are still not well understood, it therefore appears that ddhCTP is not harmless 

to the cells and may affect their metabolism. It is tempting to speculate that, at least in non-infectious 

conditions, Viperin downregulates the generation of its cofactor, in order to limit the generation of 

ddhCTP when not needed. Nonetheless, because SAM is involved in a variety of metabolic processes, 

including DNA methylation, amino acid metabolism and transulfuration (83), it may have major 

consequences on the cellular metabolism. First and foremost, confirmation of this hypothesis would 

require quantification of the cellular concentration of SAM in the viperin-/- cells compared to the WT. 

Role of Viperin in cell adhesion and ECM 

Intriguingly, our study suggests that Viperin positively modulates the expression of genes involved 

in cellular adhesion and ECM, including genes coding for structural proteins (collagens, fibronectin, 

laminin), ECM-specific enzymes and adhesion proteins (e.g. integrins, cadherins) among others. 

Interestingly, similar results were obtained in a very recent RNA-Seq study performed on 12Z 

endometriotic epithelial cells (100): genes upregulated following Viperin overexpression were 

enriched for GO terms “ECM organization”, “cell-substrate adhesion”, “cell-matrix adhesion” and 

“collagen fibril organization” and opposite results were obtained upon viperin knockdown (100). The 

identification of those enriched terms was not further discussed in this paper but it supports our 

findings and further suggests that our observations are not caused by a possible clonal effect. 

Altogether, these results shed light on a previously undiscovered function of Viperin. However, how 

Viperin modulates the expression of these genes remains to be determined. 
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Role of Viperin in bone metabolism 

In our study, downregulated genes in the viperin-/- cell line compared to the WT were also 

unexpectedly enriched for GO terms related to bone and cartilage formation. Although Viperin is not 

commonly associated with bone metabolism in the literature, a few studies have reported that Viperin 

is expressed in bone tissues and/or in bone or cartilage cells (31,101). In particular, the rat ortholog 

of viperin was highly expressed in differentiating primary osteoblasts in vitro as well in osteoblast 

progenitors and mature osteoblasts in sections of rat tibiae and in mechanically loaded bones (31). 

More recently, viperin was identified in one of the QTLs explaining the size variation of Meishan 

pigs, suggesting that it might play a role in bone and skeletal development (102). Viperin was also 

found to be involved in osteoclast differentiation (101) and chondrogenic differentiation (32). Taken 

together, these results suggest that Viperin might be active as a regulator of cellular differentiation 

during cartilage and bone formation. However, the mechanisms by which Viperin modulates these 

metabolic processes are not well understood. Steinbusch et al. have shown that Viperin promotes the 

secretion of CXCL10, which in turn inhibits TGF-β/SMAD2/3 activity involved in chondrogenic 

differentiation (32). Our study may provide another potential line of action, as many DEGs included 

genes involved in ECM organization and cell adhesion. The ECM is known for playing a key role in 

bone formation (78); therefore, we propose that Viperin is involved in bone metabolism via 

modulating the expression genes involved in ECM and cellular adhesion.  Consistent with the fact 

that EPC-ECs are epithelial cells, genes specifically expressed by bone-specific cells were not 

identified in our transcriptomic datasets. As a consequence, a regulatory role of Viperin on the 

expression of this specific gene subset could not be explored in this study. 

Conclusions 

In conclusion, our transcriptomic analysis revealed that Viperin does not modulate the type I IFN 

response but may downregulate specific subsets of pro-inflammatory genes while upregulating 

negative regulators of the NF-κB pathways. It also appeared to play a role in regulating metabolic 

processes, including one carbon metabolism, bone formation, ECM organization and cell adhesion. 
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Tables 

Table 1: Primers used in this study 

Primer 

name 
Sequence (5’→3’) 

Source or 

reference 
Specificities 

Plasmid constructs: 

BFP-F 

CTGCTGCTGGCTAGCTCTAGACTCGAGATGAGCGAGCTGATTAAGG

AGA pCite-P-BFP 

NheI 

XbaI 

XhoI 

BFP-R 

CAGCAGCAGAAGCTTGGTACCCTGCAGGGATCCGATATCGTGCCCC

AGTTTGCTAGG 

pCite-P-BFP 

HindIII 

KpnI 

PstI 

BamHI 

EcoRV 

PpViperin-

R0-F 

ccaagttggttttgcaagaATGT JNCE01171228 

XM_039667881.1 
 

PpViperin-

R0-R 

attgagaaaggTCACCACTCC JNCE01171228 

XM_039667881.1 
 

PpViperin-

P2A-F 

GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACG

TGGAGGAGAACCCTGGACCTATGTTGATGCCATTGTGTTTCAAGG 

JNCE01171228 

XM_039667881.1 
P2A 

PpViperin-

HindIII-R 

CTGCTGCTGAAGCTTTCACCACTCCAGTTTCATATCTTCC JNCE01171228 

XM_039667881.1 
HindIII 

sgRNA: 

sgRNA-

mEGFP-S 

TCCTAATACGACTCACTATAGGCGAGGGCGATGCCACCTAGTTTT

AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

(44) 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-

mEGFP-AS 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA

GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAACTAGGTGGCAT

CGCCCTCGCCTATAGTGAGTCGTATTAGGA 

(44) 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-

Vip1-S 

TCCTAATACGACTCACTATACGAACGAGGTCTTCGCAGTGGTTTTA

GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT

GAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_039667881.1 

Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-

Vip1-AS 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAG

CCTTATTTTAACTTGCTATTTCTAGCTCTAAAACCACTGCGAAGAC

CTCGTTCGTATAGTGAGTCGTATTAGGA 

XM_039667881.1 

Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold  

sgRNA-

Vip2-S 

TCCTAATACGACTCACTATATGGAGTGGTCACCTGTGCGCGTTTTA

GAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT

GAAAAAGTGGCACCGAGTCGGTGCTTTT 

XM_039667881.1 

Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold 

sgRNA-

Vip2-AS 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAG

CCTTATTTTAACTTGCTATTTCTAGCTCTAAAACGCGCACAGGTGA

CCACTCCATATAGTGAGTCGTATTAGGA 

XM_039667881.1 

Coding exon 1 

T7 promoter 

sgRNA target 

Scaffold  

Genotyping:    

mEGFP-

gen-F 

GGCACCAAAATCAACGGGAC 
pmEGFP-N1  

mEGFP-

gen-R 

GCCGTCGTCCTTGAAGAAGA 
pmEGFP-N1  

PpViperin-

gen-F 

CACACTTCACCACATCAAACCA 
LOC120476724  

PpViperin-

gen-R 

GGTGACATGTTAGATTACCTGCTTC 
LOC120476724  
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Table 2: qPCR primers used in this study 

Name Sequence 5’-3’ Target name Target accession 
number 

Size Reference  

PpActin-ex-F TGACGCAGATCATGTTCGAGA Beta actin XM_039687266.1 
XM_039652364.1 

255 
bp 

This 
study 

PpActin-ex-R CCGTGGTGGTGAAGCTGTAA 

 

PpViperin-ex-F AGAGGCAAAGCGAGGGTTAC Radical SAM 
domain containing 

2 

XM_039667881.1 214 bp This 
study 

PpViperin-ex-R GTCCAAGTAGTCACCGTATTTCT

G 

 

PpMx1-ex-F CCAGGGGTAGTGGAATTGTTACA Interferon-induced 
GTP-binding 
protein Mx 

XM_039657463.1 161 bp This 
study 

PpMx1-ex-R CTCATCCTGGGCTTCACGAA 

PpPKR-ex-F ACAGAGACCTGAAGCCTCCAA Eukaryotic 
translation 

initiation factor 2-
alpha kinase 2 

XM_039649056.1 173 bp This 
study 

PpPKR-ex-R GGATGTTTGAGTCGCTTGCTC 

PpStat2-ex-F TCAAAGTAGAGGTGATGGAGCA Signal transducer 
and activator of 
transcription 2 

XM_039689152.1 206 bp This 
study 

PpStat2-ex-R AGCACCATCCAACATAGCCG 
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Figures 

 

Figure 1: Synteny and genomic location of the likely unique viperin gene in the fathead minnow genome. 

(A) Synteny analysis of viperin loci in fathead minnow (Pimephales promelas, LOC120476724, unplaced scaffold 

NW_024121099.1, EPA_FHM_2.0), zebrafish (Danio rerio, LOC570456, GRCz11), rainbow trout (Oncorhynchus 

mykiss, LOC100135876, LOC110504183, LOC110498119, USDA_OmykA_1.1) and human (Homo sapiens, 

LOC91543, GRCh38.p13). The synteny was predicted using information extracted from recently released NCBI reference 

genomes. (B) Exon/intron structure of P. promelas viperin gene. Boxes represent exons and straight lines represent 

introns; grey boxes denote untranslated regions while colored and black boxes denote translated regions. Exonic parts 

encoding the N-terminal amphipathic α-helix domain (orange), the central radical SAM domain (blue) and the invariant 

motif responsible for binding Fe-S cluster (purple), which is included in a longer motif conserved among all ddhNTP 

synthases are represented. The location of each predicted domain or motif was obtained using SMART (Simple Modular 

Architecture Research Tool). The location of sgRNA-Vip1 and sgRNA-Vip2 is indicated by a red star. Nested PCR 

primers, used to amplify the viperin CDS are indicated by green and red arrows. 
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Figure 2: viperin and mx1 expression in EPC-EC cells during type I IFN stimulation and viral infection. 

EPC-EC cells were stimulated with recombinant type I IFN (24h), infected with rVHSV-Tomato (MOI 0.05) or 

IPNV31.75 (MOI 0.001) for 24 to 72h post-infection, or left untreated (NI, non-infected; NS, non-stimulated). (A,B) 

Relative expression levels of viperin and mx1 genes. (C,D) Fold change relative to non-stimulated or non-infected 

controls. Black bars show means ± SD from 2 pooled independent experiments (n=3 for each experiment), orange bars 

show means ± SD (n=4) and blue bars show means ± SD from 2 pooled independent experiments (n=4 for each 

experiment), *, p < 0.05, **, p < 0.01, ***, p < 0.001, Kruskal-Wallis test with Dunn’s post-hoc multiple comparison 

tests. 
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Figure 3: Development and validation of a viperin-/- cell line. 

(A) Genotype of EPC-EC cells (WT) and EPC-EC-Viperin-C7 and -C11 clones obtained from sequencing of purified 

PCR products amplified from genomic DNA from each cell line and subcloned by TOPO TA cloning. The locations of 

the sgRNA-Vip1, sgRNA-Vip2 are highlighted in grey; the protospacer adjacent motif is in green and the indels in 

mutated sequences are in red highlighted in yellow. The corresponding amino acid sequences are available in Additional 

file 2. (B) Table summarizing the molecular characteristics of EPC-EC-Viperin-C7 and –C11 clones. (C) Validation of 

the viperin knockout by western blot. EPC-EC and EPC-EC-Viperin clones were stimulated with poly(I:C) (500 µg/mL) 

for 24-72h; positive and negative controls are EPC cells transfected with pcDNA3.1-Hyg-BFP or pcDNA3.1-Hyg-BFP-

P2A-Viperin, respectively. Cell lysates were separated by SDS-PAGE and immunoblotted with antibodies against Viperin 

and α-tubulin (α-tub). Full length blots are available in Additional file 3. (D) Densitometric quantification of (B). Viperin 

signal intensity normalized to α-tubulin signal intensity and graphed as fold change relative to non-stimulated cells. Bars 

show means ± SD from 3 pooled independent experiments; ns, non-significant, **, p < 0.01, ****, p < 0.0001, ordinary 

two-way ANOVA with Tukey’s post-hoc multiple comparison tests. 
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Figure 4: Comparison of DEGs in viperin-/- and WT cell lines (steady state vs. IFN simulation). 

(A) Principal component analysis plot showing the distribution of all samples (n=3 for each condition). Projection on the 

two first axes is shown (dimension 1: horizontal axis; dimension 2: vertical axis). (B) Venn diagram showing DEGs after 

IFN stimulation compared to non-stimulated condition (Ctrl) in the WT cell line (set 1) and in the viperin-/- cell line (set 

2). (C) Venn diagram showing DEGs in the viperin-/- cell line compared to the WT cell line at the steady state (set 3) or 

following IFN simulation (set 4). Genes were considered DEGs if they met the following criteria: log2foldchange (FC) > 

1 or <-1 and adjusted p value < 0.05. (D) Dotplot showing the fold change distribution of DEGs in the viperin-/- cell line 

compared to the WT cell line at the steady state (x-axis) and following IFN treatment (y-axis). (E) Dotplot showing the 

fold change distribution of DEGs upon IFN treatment compared to non-stimulated condition in the WT cell line (x-axis) 

and in the viperin-/- cell line (y-axis). 
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Figure 5: Gene enrichment suggests Viperin is involved in distinct biological processes in non-induced and induced 

conditions. 

Gene ontology analysis from the lists of genes differentially expressed the viperin-/- cell line compared to the WT at the 

steady state (left panel) and upon type I IFN stimulation (right panel). GO terms have been filtered to show results with 

a Benjamini statistical score <0.05. The size of the dot represents the number of genes involved within each biological 

process; colors indicate -log10 (False Discovery Rate) and colored boxes represent biological functions. 

  

Inflammation and 

apoptosis

Cell adhesion and 

ECM

Bone and cartilage 

formation

One-carbon 

metabolism
Exocytosis



 Results 2 – Viperin  

205 

 

Figure 6: Viperin modulates the inflammatory response by downregulating pro-inflammatory genes and 

upregulating NF-κB pathway regulators. 

(A) Gene ontology analysis obtained from the list of genes exclusively upregulated in the viperin-/- cell line following 

type I IFN treatment. GO terms have been filtered to show results with a Benjamini statistical score <0.05. The size of 

the dot represents the number of genes involved within each biological process; colors indicate -log10 (False Discovery 
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Rate) and colored boxes represent biological functions. (B) Heatmap of genes associated to the selected GO terms in (A). 

Colors from blue to red represent the Z-score, which was calculated on a gene-by-gene basis by subtracting the overall 

mean of the log-transformed counts across all samples from the log-transformed count value of each gene, and then 

dividing that result by the overall standard deviation. Z-scores were calculated to ensure that the expression patterns were 

not overwhelmed by the expression values. Pattern 1 corresponds to genes showing no expression difference between 

both cell lines at the steady state but a higher induction in the viperin-/- cell line compared to the WT upon IFN treatment; 

pattern 2 corresponds to genes that are less expressed in the viperin-/- cell line versus WT at the steady state and upon type 

I IFN treatment but show higher fold change (Ctrl vs. IFN) in the viperin-/- cell line; pattern 3 corresponds to the genes 

that show no significant expression difference between both cell lines at the steady state and upon type I IFN stimulation 

but still display a higher fold change (Ctrl vs. IFN) in the viperin-/- cell line. Purple and yellow boxes indicate the anti- 

and pro-inflammatory functions known for the mammalian genes. Full-length heatmaps are available in Additional 

file 12. (C) Schematic representation of the structural domains of the NLRs listed in (B). CARD = Caspase recruitment 

domain, FISNA = Fish-specific NACHT associated domain, LRR = leucine-rich repeat (LRR), PYD = Pyrin domain, 

RING = RING-type zinc finger domain, Bbox = B-Box-type zinc finger domain, B30.2 = PRY-SPRY domain. 

 

 

 

Figure 7: The viperin knockout has no significant impact on rVHSV-Tomato replication. 

EPC-EC (WT), EPC-EC-Vip-C7 and EPC-EC-Vip-C11 (viperin-/-) cells were infected with rVHSV-Tomato at (A) MOI 

10, (B) MOI 1 or (C) MOI 0.1 and fluorescence was measured at different time points post-infection. Graphs show 

means ± SD from 6 independent experiments (n=8 for each experiment). 
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Figure 8: Viperin modulates the extracellular matrix organization regardless of its induction status. 

Heatmap of genes associated to GO:0030198 extracellular matrix organization and differentially expressed in the viperin-

/- cell line compared to the WT cell line at the steady state and upon IFN treatment. Colors from blue to red represent the 

Z-score (defined in Figure 6); human genes highlighted in yellow indicate duplicates. Full-length heatmaps are available 

in Additional file 12. 
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Figure 9: Viperin downregulates one-carbon metabolism. 

(A) Heatmap of genes associated to selected GO terms and differentially expressed in the viperin-/- cell line compared to 

the WT cell line at the steady state. Colors from blue to red represent the Z-score (defined in Figure 6). Full-length 

heatmaps are available in Additional file 12. (B) Schematic representation of one-carbon metabolism. 1C metabolism 

includes the methionine and folate cycles, which are central to multiple cellular functions. Metabolic intermediates are in 

black, enzymes are in red and red boxes indicate enzymes upregulated in the viperin-/- cell line. DHF, dihydrofolate; THF, 

tetrahydrofolate; 5,10-me-THF (aka. 5,10-CH2-THF), 5,10-methylene-THF; CH+-THF, methenyl-THF; 10-formyl-THF 

(aka. 10-CHO-THF); SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; HCY, homocysteine; dTMP, 

deoxythymidine monophosphate; DHFR, dihydrofolate reductase; SHMT, serine hydroxymethyl transferase; MTHFD, 

methylenetetrahydrofolate dehydrogenase; ALDH, aldehyde dehydrogenase; MTHFR, methylenetetrahydrofolate 

reductase; MTR, methionine synthase; MAT2A, methionine adenosyltransferase 2A; MT, methyl transferase; AHCY, 

adenosylhomocysteinase. 
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Additional files 

 

Additional file 1: Alignment of chromatograms from viperin-/- EPC-EC-Viperin clones with EPC-EC (WT) cell 

line. 

Chromatograms showing edited and wild-type (control) sequences in the region around the sequences targeted by sgRNA-

Vip1 and sgRNA-Vip2 from EPC-EC-Viperin-C7 and EPC-EC-Viperin-C11 (viperin-/-) clones. The horizontal black line 

represents the guide sequence; the horizontal red dotted line corresponds to the PAM site; the vertical black dotted line 

represents the actual cut site. The red and purple boxes show the inserted or deleted nucleotides in each edited clone. 

Alignments were obtained using Synthego ICE Analysis tool (v3). Note that for the reverse sequence from EPC-EC-

Viperin-C11, ICE results could not be used due to the fact that the cut site was too close from sequence start; the alignment 

was done manually instead. 

  

>PpViperin-LOC120476724-exon1

ATGTTGATGCCATTGTGTTTCAAGGACGTCCACAGCTTATTTTCAGCCCTGTTGAGATGGATTTTGATGATGGTATCAGGCACACTGGTGTCTCTTGGGATGATCA

GTCGTCCAAAGATTCGCACCAGAGAGCAGAAAGAGGGATCCAGCGCACAGGTGACCACTCCAAGCAGTGTGAACTACCATTTTACCCGGCAGTGCAAT

#####sgRNA-Vip2#####

TACAAATGTGGCTTTTGCTTCCACACTGCGAAGACCTCGTTCGTTTTGCCTATTGAAGAGGCAAAGCGAGGGTTACGACTTCTGAAAGAAGCAG

#####sgRNA-Vip1#####

Clones sgRNA Primers ICE deconvoluted sequences

EPC-EC-Vip-
C7

sgRNA-
Vip2

Vip-
gen-F

sgRNA-
Vip1

Vip-
gen-R

EPC-EC-Vip-
C11

sgRNA-
Vip2

Vip-
gen-F

sgRNA-
Vip1

Vip-
gen-R

C A G   G T G  A C  C A C T C   C A  A G   C A G   T   T T G   A  A C T A C  C

-2-1

G   T G   T G   G A A G   C A  A A A G  C C A C A T   T T G   T   A  A T   T G   C   A
T

+1

C A G   G T G  A C  C A C T C   C A  A G   C A G   T   T T G   A  A C T A C  C

-2-1

EDITED SAMPLE

CONTROL SAMPLE AGTGTGGAAGCAAAAGCCACATTTGTAA TTGCACTGCCTGGTAAAATGGTAGTTCACACTGCTT+1
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Additional file 2: Amino acid sequences corresponding to the mutated viperin sequences amplified from genomic 

DNA from WT EPC-EC and viperin-/- EPC-EC-Viperin-C7 and -C11 and subcloned by TOPO TA cloning. 

The first amino acids affected by a frameshift are in red, the frameshifts are in green and the premature end of the 

polypeptides are represented by a red star. The immunogen peptide recognized by the anti-viperin antibody (PA5-42231, 

Invitrogen) is outlined in black. 

  

>PpViperin-WT 

MLMPLCFKDVHSFFSALLRWILMMVSGTLVSLGMISRPKIRTREQKEASSAQVTTPSSVNYHFTRQCNYKCGFCFHTAKTSFVLPIEEAKRGLRLLKEAG

MEKINFSGGEPFLHERGSFLGELVRYCKQELLLPSVSIVSNGSLIKESWFQKYGDYLDILAVSCDSFNEDTNKVIGRGQGKKSHLDNLHKVCSWCRDYKV

AFKINSVINTYNVDEDMTEQITALNPVRWKVFQCLLIDGENAGENSLREAEKFVISEQQFQDFLDRHKSVKCLVPESNQKMRDSYLILDEYMRFLDCREG

RKDPSKSVLDVGVEEAIKFSGFDEKMFLIRGGKYVWSKEDMKLEW 

>PpViperin-(-1)-(0) 

MLMPLCFKDVHSFFSALLRWILMMVSGTLVSLGMISRPKIRTREQKEASSDR*PLQAV*TTILPGSAITNVAFASTLRRPRSSCLLKRQSEGYDF*KKQE

WKKSTFQVESPFFMREALFWESWSDTANRSCCFRASASLVMAV*SKNPGFRNTVTTWTFLQYLAIVLTKTPIKSLAEVRARRAI*TICIKFVPGAGTTRW

LSKSTP*STPTMWTKI*QSRSLL*TQCAGRSSSVC*LMVKTLGRTASARQKNLSLVSSNSKTSWTAIRASSVWFQSLIKR*ETLT*FLMNICASWIAERGG

KIRQSPFWMLVWKRPSSSVVLMRRCSS*EGGNMCGARKI*NWSG 

>PpViperin-(-1)-(+1) 

MLMPLCFKDVHSFFSALLRWILMMVSGTLVSLGMISRPKIRTREQKEASSDR*PLQAV*TTILPGSAITNVAFASTLAKTSFVLPIEEAKRGLRLLKEAG
MEKINFSGGEPFLHERGSFLGELVRYCKQELLLPSVSIVSNGSLIKESWFQKYGDYLDILAVSCDSFNEDTNKVIGRGQGKKSHLDNLHKVCSWCRDYKV

AFKINSVINTYNVDEDMTEQITALNPVRWKVFQCLLIDGENAGENSLREAEKFVISEQQFQDFLDRHKSVKCLVPESNQKMRDSYLILDEYMRFLDCREG

RKDPSKSVLDVGVEEAIKFSGFDEKMFLIRGGKYVWSKEDMKLEW 

>PpViperin-(-2)-(+1) 

MLMPLCFKDVHSFFSALLRWILMMVSGTLVSLGMISRPKIRTREQKEASSADDHSKQCELPFYPAVQLQMWLLLPHLRRPRSSCLLKRQSEGYDF*KKQE
WKKSTFQVESPFFMREALFWESWSDTANRSCCFRASASLVMAV*SKNPGFRNTVTTWTFLQYLAIVLTKTPIKSLAEVRARRAI*TICIKFVPGAGTTRW
LSKSTP*STPTMWTKI*QSRSLL*TQCAGRSSSVC*LMVKTLGRTASARQKNLSLVSSNSKTSWTAIRASSVWFQSLIKR*ETLT*FLMNICASWIAERGG
KIRQSPFWMLVWKRPSSSVVLMRRCSS*EGGNMCGARKI*NWSG 
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Additional file 3: Original full-length blots used in figure 3 to validate the viperin-/- cell lines. 

Regions corresponding to the cropped images are surrounded by a dotted line. 
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Additional file 4: Validation of the viperin knockout by western blot using type I IFN supernatant as an inducer.  

EPC-EC and EPC-EC-Viperin clones were stimulated with recombinant type I IFN supernatant (1:10) for 24h; positive 

and negative controls are EPC cells transfected with pcDNA3.1-Hyg-BFP or pcDNA3.1-Hyg-BFP-P2A-Viperin, 

respectively. EPC-EC cells stimulated with poly(I:C) (500 µg/mL, 24h) were also included for comparison purposes. Cell 

lysates were separated by SDS-PAGE and immunoblotted with antibodies against Viperin. The red arrow indicates the 

Viperin protein.  
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Additional file 5: Descriptive analysis of RNAseq results from WT EPC-EC and viperin-/- EPC-EC-Vip-C7 (KO) 

stimulated with type I IFN or left untreated (Ctrl). 

Euclidian clustering showing the distribution of all samples (n=3 for each condition). 

 

 
Additional file 6: Tables showing differentially expressed transcripts in WT EPC-EC and viperin-/- cell lines at the 

steady state and following type I IFN stimulation. 

[Additional_file_6.xls – not included in this manuscript] 
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Additional file 7: Validation of RNA-Seq data by RT-qPCR analysis on a selected number of ISGs. 

The expression levels of the following genes were analyzed by RT-qPCR and compared to RNA-Seq data: beta-actin 

(gene-actb2, LOC120489986 and gene-actb1, LOC120463340), mx1 (gene-mx1, LOC120468849), viperin (gene-rsad2, 

LOC120476724), pkr (gene-eif2ak2, LOC120460990) and stat2 (gene-stat2, LOC120491376). Orange and blue bars 

represent RNA-Seq data and RT-qPCR results, respectively. 
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Additional file 8: Volcano plots showing differentially expressed genes in WT EPC-EC and viperin-/- EPC-EC-Vip-

C7 (KO) stimulated with type I IFN or left untreated (Ctrl). 

(A,B) Volcano plots showing DEGs after IFN stimulation compared to non-stimulated condition (Ctrl) in the WT cell 

line (A) and in the viperin-/- cell line (B). (C,D) Volcano plots showing DEGs (log2foldchange (FC) > 1 or <-1, adjusted 

p.value < 0.05), in the viperin-/- cell line compared to the WT cell line at the steady state (C) or following IFN simulation 

(D). Red dots represent upregulated genes while blue dots represent downregulated genes. 
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Additional file 9: Gene ontology analysis of DEGs upon IFN treatment compared to non-stimulated condition in 

the WT cell line (A) and in the viperin-/- cell line (B). 

GO terms have been filtered to show results with a Benjamini statistical score <0.05. The size of the dot represents the 

number of genes involved within each biological process and colors represent -log10 (False Discovery Rate).  

A

B
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Additional file 10: KEGG pathway analysis of the DEGs upon IFN treatment compared to the control in the WT 

and in the viperin-/- cell lines. 

KEGG pathway terms have been filtered to show results with a Benjamini statistical score <0.05. 
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Additional file 11: Venn diagram showing DEGs in the viperin-/- cell line compared to the WT cell line following 

type I IFN treatment and previously identified IFNϕ1 modulated genes in zebrafish larvae. 

The list of IFNφ1 modulated genes comes from Levraud et al., 2019 15. For comparison purposes, the the zebrafish best 

Blast hit corresponding to each DEG in the list (considered as the zebrafish ortholog) was used, explaining why some 

genes are found in both UP and DOWN categories. 

 

 
Additional file 12: Full-length heatmaps of genes associated to selected GO terms. 

[Additional_file_12.xls – not included in this manuscript] 
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Additional file 13: KEGG pathway analysis of the DEGs in the viperin-/- cell line compared to the WT cell line at 

the steady state. 

KEGG pathway terms have been filtered to show results with a Benjamini statistical score <0.05. Red arrows indicate 

pathways detailed in Additional file 14. 
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Additional file 14: Modulation of ECM-receptor interactions in the viperin-/- cell line compared to the WT cell line 

at the steady state (upper panel) and upon IFN stimulation (lower panel). 

DEG datasets were mapped onto the pathway using Pathview. Green and red colors show down- and upregulation, 

respectively. 
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Additional file 15: Genotyping results from EPC-EC-Vip-C7 and EPC-EC-Vip-C11 subclones. 

 

Indels at sgRNA-Vip2 cut site were analyzed using forward sequences with Synthego ICE analysis tool v3. Indels at sgRNA-Vip1 cutsite were manually analyzed using reverse 

sequences, as ICE was unable to perform the analysis due to the too short reading window around this cutsite. ICE KO-score indicates the proportion of indels leading to a frameshift; 

R² indicates how well the proposed distribution fits the sequence of the edited sample. 

a Percentage values could not be inferred but the order indicates which sequence is predominant in the chromatograms (e.g. in EPC-EC-Vip-C7-sub2, the sequence presenting a 1-nt 

insertion is predominant over the WT sequence).

Parental 
cell line 

Subclones 

sgRNA-Vip2 
TGGAGTGGTCACCTGTGCGC 

sgRNA-Vip1 
CGAACGAGGTCTTCGCAGTG 

Sequence 
Analysis 

type 
KO-Score R² Indel Sequence Analysis type Indela 

EP
C

-E
C

-V
ip

-C
7

 

1 EPC-EC-Vip-C7-sub2 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 29%} Vip-gen-R Manual +1/WT 

2 EPC-EC-Vip-C7-sub3 Vip-gen-F ICE 100 0.98 {-1: 70% ; -2: 30%} Vip-gen-R Manual +1/WT 

3 EPC-EC-Vip-C7-sub4 Vip-gen-F ICE 99 0.98 {-1: 69% ; -2: 28%} Vip-gen-R Manual +1/WT 

4 EPC-EC-Vip-C7-sub5 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 29%} Vip-gen-R Manual +1/WT 

5 EPC-EC-Vip-C7-sub6 Vip-gen-F ICE 100 0.97 {-1: 67% ; -2: 21%} Vip-gen-R Manual +1/WT 

6 EPC-EC-Vip-C7-sub8 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 29%} Vip-gen-R Manual +1/WT 

7 EPC-EC-Vip-C7-sub9 Vip-gen-F ICE 100 0.98 {-1: 70% ; -2: 29%} Vip-gen-R Manual +1/WT 

8 EPC-EC-Vip-C7-sub10 Vip-gen-F ICE 100 0.98 {-1: 51% ; -2: 48%} Vip-gen-R Manual ND 

9 EPC-EC-Vip-C7-sub11 Vip-gen-F ICE 99 0.98 {-1: 69% ; -2: 30%} Vip-gen-R Manual +1/WT 

10 EPC-EC-Vip-C7-sub12 Vip-gen-F ICE 100 0.98 {-1: 70% ; -2: 28%} Vip-gen-R Manual +1/WT 

           

EP
C

-E
C

-V
ip

-C
1

1
 

1 EPC-EC-Vip-C11-sub1 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 28%} Vip-gen-R Manual WT/+1 

2 EPC-EC-Vip-C11-sub2 Vip-gen-F ICE 100 0.98 {-1: 72% ; -2: 26%} Vip-gen-R Manual WT/+1 

3 EPC-EC-Vip-C11-sub4 Vip-gen-F ICE 100 0.98 {-1: 70% ; -2: 30%} Vip-gen-R Manual WT/+1 

4 EPC-EC-Vip-C11-sub5 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 29%} Vip-gen-R Manual WT/+1 

5 EPC-EC-Vip-C11-sub7 Vip-gen-F ICE 100 0.98 {-1: 73% ; -2: 27%} Vip-gen-R Manual WT/+1 

6 EPC-EC-Vip-C11-sub9 Vip-gen-F ICE 100 0.98 {-1: 71% ; -2: 29%} Vip-gen-R Manual WT/+1 

7 EPC-EC-Vip-C11-sub10 Vip-gen-F ICE 100 0.98 {-1: 69% ; -2: 28%} Vip-gen-R Manual WT/+1 
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Additional file 16: Comparison of expression pattern of genes (n=925) located on the scaffold NW_0241210099.1 

in EPC-EC-Vip-C7 cells compared to EPC-EC cells at the steady state (Ctrl) and following IFN treatment (IFN). 

No increase in “gene expression” was detected. ns, non-significant, one sample t-test. 
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3. Summary and conclusion 

Our comparative study of the whole transcriptomes of WT and viperin-/- cells shows that Viperin is 

not involved in positive feedback loops of the canonical type I IFN response, suggesting that, in this 

cell line, Viperin is only an effector of the type I IFN response stricto sensu. Our data further indicate 

that it modulates the expression of a subset of genes involved in the inflammatory response by 

downregulating specific pro-inflammatory genes and upregulating repressors of the NF-κB pathway. 

In addition, Viperin also appears to be involved in the regulation of metabolic pathways, including 

one carbon metabolism, bone formation, extracellular matrix organization and cell adhesion, even 

under non-induced conditions (Figure 29). These findings support the emerging notion that Viperin 

may play a role in metabolic processes beyond the scope of the antiviral response. They also open up 

new avenues of research to elucidate how Viperin can be involved in the regulation of so many diverse 

and seemingly unrelated processes. 

 

Figure 29: Diagram of the different pathways regulated by Viperin in epithelial-like EPC-EC cells 
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RESULTS 3 

Characterization of cell lines persistently infected with IPNV 

1. Preamble 

This chapter is not part of my thesis objectives per se; however, this impromptu study was a big part 

of my thesis journey, and as such, is included in this manuscript. Indeed, during the first year of my 

PhD, I developed an initial pkr-/- cell line and as I was testing its permissivity to viral infections, I 

realized the supernatants from the ‘non-infected’ control cells were contaminated by a virus which 

induced no CPE on these cells but appeared to be lytic once transferred onto CHSE-214. Further RT-

qPCR studies confirmed that these cells were persistently infected with an IPNV strain, likely 

IPNV 31.75 566, as this was the strain primarily used for infections at that time (winter 2021). To date, 

when and how this persistent infection occurred remains a mystery. Nonetheless, we speculate it 

initially came from a contaminated pipette. At that time, the COVID crisis was in full swing and we 

were experiencing many supply shortages, particularly of filter tips. It is possible that the persistent 

infection stemmed from an initial contamination of the flasks with a minute dose of viral particles 

that were in a pipette previously used with an unfiltered tip. In any case, we decided to characterize 

these persistently infected cells over several passages to determine whether this persistence was 

retained over time. The following chapter describes the experiments performed to characterize these 

persistently IPNV-infected cell lines. 

2. Introduction 

Infectious pancreatic necrosis (IPN) is an acute and highly infectious viral disease causing substantial 

mortality in salmonid juveniles and in smolts when they have just been transferred to sea water 567. 

IPN is historically regarded as one of the most economically damaging diseases to the aquaculture 

industry but the selection of IPN-resistant salmon has largely contributed to limiting high-mortality 

IPN outbreaks since the 2010s 511–513. Nonetheless, recent outbreaks in genetically resistant fish in 

Chile and Norway highlight the fact that IPN still represents a latent threat to the salmon 

industry 514,515. 

The etiological agent of IPN is a non-enveloped dsRNA virus (IPNV) belonging to the genus 

Aquabirnavirus within the family Birnaviridae. The genome of IPNV is composed of two segments, 

segment A (~3.1 kb) and segment B (~2.8 kb) 567,568. Segment A contains 2 overlapping ORFs: the 

long ORF encodes a polyprotein, pVP2-VP4-VP3 and the short ORF encodes a non-structural protein 
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VP5, which was suggested to have anti-apoptotic properties 569. The polyprotein pVP2-VP4-VP3 is 

co-translationally cleaved by the VP4 protease at specific cleavage sites to generate the immature 

precursor of the major capsid pVP2 protein, the minor capsid protein VP3, which associates with the 

genome segments, and VP4 567,570. pVP2 is further processed into mature VP2 and small peptides 

which remain associated to the virion 571. Segment B encodes the RNA-dependent RNA polymerase 

VP1, which is covalently linked to the 5’ end of each dsRNA segment 567. 

Knowledge on the different steps of IPNV replication cycle is limited. Several lines of evidence 

suggest that attachment to host cells occurs through VP2 resulting in virion endocytosis via the 

macropinocytosis pathway 567,572. A pVP2-derived peptide then induces endosome permeabilization 

by creating pores in the endosomal membrane 573,574. The detailed mechanisms involved in the 

replication of birnaviruses following cell entry are currently unclear. Recent studies based on avian 

birnaviruses have shown that replication takes place within cytoplasmic “virus factories” displaying 

features of liquid-liquid phase separation 575,576. Transcription is primed by VP1 and proceeds 

according to a semi-conservative strand-displacement mechanism 568. Virion assembly occurs as soon 

as genome replication has been initiated, resulting in immature pro-virions containing viral precursor 

proteins which are further processed into mature infectious virions following precursor cleavage 577. 

Virus release is believed to occur upon cell lysis caused by apoptosis and necrosis 272,567. 

Although IPNV is a lytic virus during acute infection, it is known for its capacity to establish a 

persistent infection both in vivo and in vitro 567. In fact, a high proportion of fish surviving an IPNV 

outbreak become long-term asymptomatic carriers, thereby constituting an important reservoir for 

horizontal and vertical transmission of the virus 180,578. In carrier fish, persistent IPNV was found in 

head kidney leukocytes and macrophages 181,579. IPNV was also reported to induce persistent 

infections in vitro in various cell lines, including Chinook salmon CHSE-214 580–583, rainbow trout 

STE-137 580,581, RTG-2 179,581 and the reporter cell line RTG-P1 179 as well as fathead minnow EPC 

584,585. Most of these persistently IPNV-infected fish cell lines presented all the canonical 

characteristics of persistently infected cells 586, including no morphological difference from normal 

virus-free cells, continuous production of infectious virions over passages, detection of viral antigens 

in cells, resistance to superinfection with IPNV and susceptibility to heterologous viruses 179,580–

583,585,587. 

The underlying molecular and immunological mechanisms involved in the establishment and 

maintenance of IPNV persistence both in vivo and in vitro remain largely unknown. It is likely that 

persistence results from a tight balance between viral replication and host defense mechanisms. So 

far, several non-exclusive mechanisms resulting in the establishment of viral persistence have been 
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proposed including evasion and/or modulation of the host’s immune response, generation of defective 

interfering particles and modulation of other host pathways 583,586. 

In this study, we characterized two persistently IPNV-infected Chinook salmon cell lines, a WT cell 

line and a pkr-/- cell line, both deriving from a parental CHSE-EC cell line. We observed that the 

extracellular titers of persistent IPNV periodically oscillated over the course of passages in both cell 

lines and that they correlated – at least partially – with variations in intracellular viral replication. Our 

results further indicate that the host innate immune response is dampened during persistent infection 

and that pkr expression does not play a key role during IPNV persistence. Taken together, these 

findings suggest that persistent IPNV has evolved strategies to evade the host innate immune response 

by inhibiting the expression of innate immune genes, while maintaining a low replication level.  

3. Material and methods 

3. 1. Cell lines, culture conditions and viruses 

The Chinook salmon (Oncorhynchus tshawytscha) embryo (CHSE-214) cell line was maintained in 

Glasgow’s modified Eagle’s medium (GMEM) containing 25 mM HEPES (Biosera) supplemented 

with 10% FBS, 2 mM L-glutamine (Eurobio), and penicillin (100 U/mL)-streptomycin (100 μg/mL) 

(BioValley). The CHSE-EC cell line (hereafter referred to as ‘EC’) as well as its derivatives were 

grown in L-15 medium (Gibco) supplemented with 10% FBS, penicillin (100 U/mL)-streptomycin 

(100 μg/mL), 500 μg/mL G418 (Invivogen), 30 μg/mL hygromycin B Gold (Invivogen). All cell lines 

were maintained at 20°C without CO2. 

Infectious pancreatic necrosis virus (IPNV), isolate 31.75 566, was propagated in CHSE-214 (MOI 

0.001); briefly, the virus was adsorbed onto the cells for 1h at 14°C with regular, gentle shaking; 

GMEM supplemented with 2% heat-inactivated FBS was added afterwards. The supernatants were 

collected at 3-4 days post-infection, 0.2 µm-filtered, diluted 1:5 (v/v) in TEN buffer (10 mM Tris, 1 

mM EDTA, 150 mM NaCl, pH 7.1) and mixed again 1:1 (v/v) in glycerol 100%, aliquoted and stored 

at -20°C. IPNV titers were determined by plaque assay on CHSE-214, as described in Section 3. 4. 

3. 2. Development of a pkr-/- cell line 

Four manually isolated clones were initially obtained and genotypically characterized following the 

same procedure described in Results 1. Only one of them, called EC-PKR-C4initial, presented a 

mutated genotype at the targeted cut site, located in the first coding exon of the unique pkr gene 

(LOC112253229, LG24). After propagation of the theoretically clonal cells, it was observed that two 

populations of cells were present: a majority of GFP-negative cells and a few contaminating GFP-
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positive cells. The two cell populations were sorted in bulk with a BD FACSAria™ Fusion Flow 

Cytometer (Institut Pasteur, Paris, France) using a 100 µm nozzle into two distinct 15 mL-tubes. After 

sorting, cells were centrifuged at 400 g for 5 min and the cell pellets were resuspended in L-15 

supplemented with 10% FBS, penicillin (200 U/mL)-streptomycin (200 μg/mL), 500 μg/mL G418 

and 30 μg/mL hygromycin B Gold, transferred to 75 cm² flasks and incubated at 20°C.  

The genotype of the two cell populations, called EC-PKR-C4-GFP(-) and EC-PKR-C4-GFP(+), was 

characterized as described in Results 1. EC-PKR-C4-GFP(-) presented a 1-nt insertion (29_30insT 

resulting in V11fsX22, KO) at the sgRNA-targeted site in the pkr gene, while EC-PKR-C4-GFP(+) 

had a WT genotype. The pkr-/- or WT status of both cell lines was confirmed by western blot using 

Salmo salar IFNA2 supernatant as inducer of pkr, as described in Results 1. 

3. 3. Weekly cell passages, supernatant collection and cell sampling 

During the characterization process of these two cell lines, it was fortuitously discovered that the two 

cell lines WT EC-PKR-C4-GFP(+) and pkr-/- EC-PKR-C4-GFP(-) were persistently infected with 

IPNV. For clarity purposes, EC-PKR-C4-GFP(+) and EC-PKR-C4-GFP(-) will be referred to as 

ECIPNV and EC-PKR-C4IPNV in the following paragraphs. 

To study the evolution of IPNV persistence over time, ECIPNV and EC-PKR-C4IPNV were maintained 

in culture for 40 weeks and weekly passaged, as described in Figure 30. Initially, ECIPNV and EC-

PKR-C4IPNV were seeded into 25 cm² flasks in triplicates to a final density of 2 x 106 cells/flask in 4 

mL L15+10%FBS+P/S. For each cell line, the three flasks were then processed independently 

throughout the rest of the experiment. Each week (i.e. 7 days post-seeding), 1.2 mL of supernatant 

was harvested from each flask and clarified at 400 g for 5 min. 1 mL of clarified supernatant was 

mixed 1:1 (v/v) in sterile glycerol 100%, and stored at -20°C until use for virus titration. In parallel, 

cells were washed once in DPBS (Sigma-Aldrich) and trypsinized in 1 mL ATV. Once detached, 

cells were resuspended in 3 mL L15+10%FBS+P/S, centrifuged at 400 g for 5 min. The cell pellet 

was resuspended in 3 mL L15+10%FBS+P/S and cells were counted using a cell counter (Countess 

3, Invitrogen) and 2 x 106 cells (~40% of the total number of detached cells per flask) were seeded 

into a new 25 cm² flask. For the last 17 passages (P24-P40), 1 mL of the remaining cell suspension 

was centrifuged at 13 000 g for 45 sec; the cell pellets were drained, resuspended in 350 µL RLT 

buffer (Qiagen) supplemented with 1% β-mercaptoethanol and stored at -80°C until use for RNA 

extraction. 
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Figure 30: Diagram illustrating the weekly protocol carried out on EC-PKR-C4IPNV and ECIPNV. 

After initial seeding, each flask was treated independently. β-ME: β-mercaptoethanol. 

3. 4. Virus titration by plaque assay 

IPNV titers were determined by plaque assay on CHSE-214 cells. CHSE-214 cells were seeded into 

12-well plates at a final density of 7 x 105 cells/well in GMEM+2%FBS+P/S. The next day, the 

harvested supernatants (previously stored at -20°C) were 10-fold serially diluted in L-15+2% 

decomplemented FBS+P/S and 100 µL of each dilution were applied onto the cells in technical 

duplicates. After a 1h-long adsorption phase, a carboxymethylcellulose overlay (0.75% in MEM 

(Eurobio) supplemented with 25 mM HEPES, 2 mM L-glutamine, 350 mg/L NaHCO₃, 2.5% FBS 

and P/S) was added onto the cells. At 7 days post-infection, the cells were fixed with 3.7% 

formaldehyde for 1h at room temperature, stained with 0.5% crystal violet and plaque forming units 

(PFU) were counted. 

3. 5. Real-time quantitative PCR 

Total RNA was extracted from cells in RLT buffer using QiaShredder and RNeasy mini kits (Qiagen) 

in accordance with the manufacturer’s instructions. In addition to the persistently infected cell 

samples, positive and negative controls were also included. For this purpose, EC (WT) cells were 
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seeded into 6-well plates to a final density of 1.5 x 106 cells/well in L-15+2%FBS+P/S. The next day, 

cells were infected with IPNV31.75 (MOI 1) or left untreated, in triplicates, and incubated at 14°C 

for 8hpi or 24hpi; in parallel, cells were stimulated with recombinant Salmo salar IFNA2 supernatant 

(produced as described in Results 1) diluted to 1:10 in L-15+2%FBS+P/S for 72h or left untreated. 

Cells were collected at indicated time points and total RNA was extracted as described above. For all 

samples, quality control of the extracted RNA was determined using a Nanodrop spectrophotometer. 

The cDNA was generated from 2.25 µg of total RNA using the iScript™ Advanced cDNA Synthesis 

Kit for RT-qPCR (BioRad) and the synthesis was performed in a thermal cycler (Eppendorf) as 

recommended by the manufacturer. cDNA was diluted to 1:4.5 in DNase- and RNase-free water and 

stored at -20°C until use. “No RT” control reactions were made for a few representative samples by 

omitting the reverse transcriptase. The cDNA was mixed with TB Green qPCR Premix Ex Taq (Tli 

RNaseH Plus) (Takara) along with forward and reverse primers (Table VIII) at a final concentration 

of 210 nM each in Twin.tec® real-time PCR plates (Eppendorf). As all samples did not fit on a single 

96-well qPCR plate, an internal calibrator consisting of a pool of all samples was added onto each 

plate. Amplification was performed using a CFX Connect cycler (BioRad) using the following 

cycling program: initial denaturation at 95°C for 30 sec followed by 40 cycles of 10 sec at 95°C and 

30 sec at 60°C. For each biological replicate, mean Cq values of target genes were calculated based 

on technical duplicate reactions and then normalized using the geometric mean of Cq values of 3 

housekeeping genes (otelf1α, otrps29, otgapdh3). The relative expression of each target gene (ipnv, 

otirf1, otirf3, otmx123, otpkr) was expressed as 2−∆Cq. 

Table VIII: qPCR primers used in this study 

Name Sequence 5’-3’ Target name Target accession 

number 

Size Reference  

otelf1a-ex-F CACTGCTCAAGTAATCATCCTG Elongation factor 1-

alpha, oocyte form 

XM_024441752.2 259 pb This study 

otelf1a-ex-R CACAGCAAAACGACCAAGAG 

otgapdh3-ex-F CCAGTGTATGAAGCCCCATGAG glyceraldehyde-3-

phosphate 

dehydrogenase 

XM_024414049.1 187 pb This study 

otgapdh3-ex-R CTTGTCCTCGTTGACTCCCATG 

otrps29-ex-F GGGTCATCAGCAGCTCTATTGG 40S ribosomal protein 

S29 

XM_024422712.2 164 pb Adapted 

from 588 otrps29-ex-R CCAGCTTAACAAAGCCGATGTCG 

ipnv-ex-F CCTTGACAATGACGTCCCAGTG IPNV segment A 

pVP2-VP4-VP3 gene 

AJ622822.1 93 pb Adapted 

from 589 ipnv-ex-R GACTGGGTCATCTTGGCTGAG 

otirf1-ex-F CCACCCCACAGACTATGAAGAC Interferon regulatory 

factor 1-like 

XM_024432221 191 pb This study 

otirf1-ex-R GCTCTATTTCCGCCCCTGAG 

otirf3-ex-F CAAGGCGTGGGCTGAGG Interferon regulatory 

factor 3 

XM_024404012.2 

XM_024404011.2 

188 pb This study 

otirf3-ex-R CTGGGTGCTGAGATCCTCCTG 

otmx123-ex-F CAACTTGGTGGTTGTGCCATG Interferon-induced 

GTP-binding protein 

Mx 

XM_024415949.2 

XM_042295559.1 

XM_042295553.1 

XM_024415946.2 

111 pb This study 

otmx123-ex-R GGCTTGGTCAGGATGCCTAAT 

otpkr-fl-ex-F CTGAGTAAAGGGAAAGCTAAGCGG Protein kinase R, full 

length isoform 

XM_042305681.1 147 pb This study 

otpkr-fl-ex-R GCCTGAATCTGAAGTGGTGTCG 
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For each set of primers, the efficiency was calculated by linear regression obtained by using ten-fold 

serial dilutions of plasmid containing the target sequence (otmx123, otpkr-fl) or of a pool of cDNA 

(housekeeping genes, ipnv, otirf3, otirf1) and the qPCR products were validated by gel migration and 

sequencing. 

3. 6. Viral permissivity test 

WT EC, pkr-/- EC-PKR-C19 (described in Results 1), WT ECIPNV, pkr-/- EC-PKR-C4IPNV cell lines 

were seeded in 96-well plates at a density of 7 x 104 cells/well in L-15+2%FPS+P/S and incubated 

overnight at 20°C. The next day, the cells were infected with 10-fold serial dilutions of either IPNV 

(isolate 31.75, stock at 2.2x108 PFU/mL 566) or infectious hematopoietic necrosis virus (IHNV, isolate 

25.70, stock at 1.1x106 PFU/mL 142). The first wells were infected at different initial MOI depending 

on the virus (IPNV: MOI 0.005; IHNV: MOI 0.3). At 7 days post-infection, cells were fixed with 

3.7% formaldehyde for 1h and stained with 0.5% crystal violet. 

3. 7. Statistical analysis 

The data presented are means ± standard deviation (SD). Statistical tests used are indicated in the 

legend of each figure. All statistical analyses were performed using GraphPad Prism software version 

8.0.1. 
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4. Results 

4. 1. Development of an initial pkr-/- cell line and identification of a persistent IPNV infection 

To characterize the functions of Chinook salmon PKR, the unique pkr gene (LOC112253229, LG24) 

was disrupted in EC cells, using CRISPR/Cas9 genome editing technology and one pkr-/- clone, 

named EC-PKR-C4initial, was manually isolated and kept for amplification and further 

characterization. However, after propagation, observations under the fluorescence microscope 

revealed the presence of a few contaminating GFP-positive fluorescent cells. The GFP-positive and 

GFP-negative populations were FACS-sorted in bulk, and the resulting cell lines were called EC-

PKR-C4-GFP(+) and EC-PKR-C4-GFP(-), respectively (Figure 31A). Genotyping results showed 

that EC-PKR-C4-GFP(+) cells had a WT genotype, while EC-PKR-C4-GFP(-) presented the same 

mutation as EC-PKR-C4initial i.e. a 1-nt insertion at the targeted cut site leading to a frameshift 

resulting in the introduction of a premature codon at position 22 (29_30insT resulting in V11fsX22) 

(Figure 31B,C). The PKR expression status in both cell lines was assessed at the protein level by 

Western blot, using recombinant IFNA2 supernatant as an inducer of pkr expression. Our results 

showed that PKR was induced in WT EC and WT EC-PKR-C4-GFP(+) cells following IFNA2 

treatment. In contrast, no PKR signal was detected in pkr-/- EC-PKR-C4-GFP(-) cells, thereby 

confirming that the expression of PKR was effectively disrupted in these cells (Figure 31D). EC-

PKR-C4-GFP(+) was kept as an additional positive control for further experiments. 

During the characterization process of pkr-/- EC-PKR-C4-GFP(-) along with WT EC-PKR-C4-

GFP(+), it was observed that supernatants from control healthy cells showing no visible signs of CPE 

were able to induce cell lysis, once transferred onto CHSE-214 cells (Figure 31E). Further RT-qPCR 

experiments revealed that both cell lines expressed IPNV RNA (Figure 31F). In addition, preliminary 

titration results showed that infectious virion particles were present in the supernatants of both cell 

lines (103-104 PFU/mL). These findings indicated that both cell lines were persistently infected with 

IPNV. On this occasion, WT EC-PKR-C4-GFP(+) and pkr-/- EC-PKR-C4-GFP(-) were renamed 

ECIPNV and EC-PKR-C4IPNV and this denomination will be used throughout the rest of the manuscript. 

It should be noted that EC-PKR-C4initial was also found to be persistently infected with IPNV (data 

not shown), suggesting that the event leading to the establishment of IPNV persistence occurred prior 

to FACS sorting. 
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Figure 31: Validation of the PKR expression status in EC-PKR-C4-GFP(-) and EC-PKR-C4-GFP(+) and 

identification of a persistent IPNV infection in both cell lines 

(A) Diagram illustrating the FACS-based isolation process of EC-PKR-C4-GFP(-) and EC-PKR-C4-GFP(+) from an 

initial manually isolated clone called EC-PKR-C4initial presenting a discrete population of GFP-positive cells. (B) 

Genotype of EC cells (WT), latently IPNV-infected EC-PKR-C4-GFP(+) (WT, aka. ECIPNV) and EC-PKR-C4-GFP(-) (1-

nt insertion, 29_30insT resulting in V11fsX22, pkr-/-, aka. EC-PKR-C4IPNV) obtained from sequencing of purified PCR 

products amplified from genomic DNA from each cell line. The location of the sgRNA is highlighted in pink, the 

protospacer adjacent motif is in green, the start codon is in red, the 1-nt insertion in EC-PKR-C4-GFP(-) is in yellow and 

the premature stop codon is in blue. The corresponding chromatograms are available in Section 7, Figure 37. (C) Table 

summarizing the molecular characteristics of EC, ECIPNV and EC-PKR-C4IPNV cell lines. (D) EC, ECIPNV and EC-PKR-

C4IPNV cells were stimulated with S. salar IFNA2 supernatant for 72h; positive and negative controls are EC cells 

transfected with pcDNA3.1-Hyg-BFP or pcDNA3.1-Zeo-Hyg-P2A-PKR-FL, respectively. Cell lysates were separated 

by SDS-PAGE and immunoblotted with antibodies against S. salar PKR and α-tubulin (α-tub). Full length blots are 

available in Section 7, Figure 38. Blots are representative of two independent experiments. (E) CHSE-214 were incubated 

with supernatants from EC, EC-PKR-C4(+) and EC-PKR-C4(-) under a carboxymethylcellulose overlay at 14°C for 7 

days, fixed with formaldehyde and stained with crystal violet. (F) Relative expression levels of IPNV transcripts in non-

infected EC cells, EC-PKR-C4(+) and EC-PKR-C4(-). Graph shows means ± SD from 2 independent experiments (n=6); 

letters indicate significant differences between cell lines (p < 0.05), ordinary one-way Anova with Tukey’s post-hoc 

multiple comparison test. 
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4. 2. Characterization of the persistent IPNV infection over the course of passages 

We decided to characterize the IPNV persistence in both cell lines over the course of passages. The 

aim was to study whether IPNV persistence levels were changing over time and to investigate whether 

PKR was modulating this phenomenon. To this end, ECIPNV and EC-PKR-C4IPNV were maintained in 

culture for 40 weeks. At each weekly passage (P1-P40), supernatants from three independent flasks 

for each cell line were collected and IPNV titers were determined by plaque assay. For the last 17 

passages, cell samples from the same flasks were also collected for RT-qPCR analysis (Figure 30). 

4. 2. 1. The extracellular titers of persistent IPNV oscillate over the course of passages in 

both pkr-/- and WT cell lines 

Titration of supernatants from ECIPNV and EC-PKR-C4IPNV weekly collected over 40 passages show 

regular oscillations in extracellular titers in each individual flask for both cell lines (Figure 32). In 

both cases, extracellular titers ranged from 102 to 108 PFU/mL. By comparison, extracellular titers 

obtained with an acute and lytic IPNV infection typically range from 108 to 109 PFU/mL in CHSE-

214 590 and EC cells (unpublished data). Remarkably, the extracellular titers oscillate with a mean 

period of T=3.85 passages for ECIPNV and T=4.62 passages for EC-PKR-C4IPNV (p < 0.01, unpaired 

t-test), although there were some offsets between the flasks. These results suggest that IPNV 

infectious virions are released in waves, and that the absence of PKR may slow down the process. 

To confirm that these fluctuations were not due to a storage issue of the supernatants before titration, 

a few samples were randomly selected and titrated a second time, yielding similar titers as the ones 

previously obtained (data not shown). In addition, extracellular titers do not correlate with the number 

of cells in each flask at each sampling time, indicating that extracellular titers were not determined 

by fluctuations in cell growth over time (Section 7, Figure 39). 
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Figure 32: Extracellular viral titers from supernatants of ECIPNV and EC-PKR-C4IPNV cells persistently infected 

IPNV. 

For (A) ECIPNV and (B) EC-PKR-C4IPNV, supernatants from 3 independent flasks were collected prior to weekly 

subcultures and titers were determined by standard plaque assay. Each colored line represents an individual flask. PFU: 

plaque forming unit. 

4. 2. 2. Oscillations in extracellular titers are explained by fluctuations in intracellular 

replication 

To identify whether the fluctuations in extracellular titers were due to variations in virus replication, 

ECIPNV and EC-PKR-C4IPNV cell samples were collected from P24 to P40 during passaging process 

and extracted RNA was analyzed by RT-qPCR using primers targeting the viral pVP2-VP4-VP3 gene. 

EC cells infected with IPNV 31.75 or left uninfected were used as positive and negative controls 

respectively. Our results revealed that both WT ECIPNV and pkr-/- EC-PKR-C4IPNV continuously 

contained IPNV RNA over passages but it was at a much lower level than acutely IPNV-infected EC 

cells (3-log difference at 8hpi and almost 5-log difference in relative expression at 24hpi compared 

to IPNV-infected EC cells) (Figure 33A). 

Interestingly, IPNV RNA expression in both cell lines was positively correlated with the 

corresponding extracellular viral titers assessed by plaque assays with robust coefficients of 
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determination (R²=0.62 for ECIPNV and R²=0.71 for EC-PKR-C4IPNV) (Figure 33B). Consistently, 

expression fluctuations in individual flasks for both cell lines over passages, show regular oscillations 

with peaks in viral RNA occurring at the same time as peaks in extracellular titers (Figure 33C,D). 

However, it seems that the viral RNA peak levels did not systematically match extracellular titer 

levels, suggesting that other factors involved in modulation of replication, viral RNA degradation 

and/or virion release might be at play. These findings suggest that oscillations in extracellular titers 

in both cell lines can be (at least partially) explained by fluctuations in intracellular viral replication. 

4. 3. The innate immune response is dampened in persistently IPNV-infected cell lines 

In order to investigate whether IPNV persistent infection modulates the expression of innate immune 

genes, the expression profiles of selected ISGs (irf1, irf3, mx123, pkr) were examined in WT ECIPNV 

and pkr-/- EC-PKR-C4IPNV over the course of passages. EC cells simulated with recombinant type I 

IFNA2 supernatant or left untreated were used as positive and negative controls, respectively. EC 

cells acutely infected with IPNV 31.75 for 8 or 24 hpi were also included for comparison purposes. 

For all four genes, a strong and significant induction in transcript expression was observed following 

type I IFN treatment compared to non-stimulated cells (660-fold-, 123-fold-, 60800-fold-, 27-fold-

inductions for irf1, irf3, mx123, pkr, respectively) (Figure 34, black bars), thereby validating the 

assay according to the ISG status of the selected genes. In contrast, while irf1 expression was induced 

at 24h post-infection with IPNV in EC cells (30-fold induction compared to control cells), mx1 only 

displayed a weak induction (2.4-fold induction) at the same timepoint and irf3 and pkr-fl transcripts 

were not significatively induced upon IPNV infection at any of the timepoint examined (Figure 34, 

black bars). These results suggest that acute infection with IPNV suppresses the early activation of 

specific immune genes (in comparison to IFN-treated cells). Interestingly, similar results were 

previously reported in rainbow trout RTG-P1 cells, which showed inhibition in mx expression 

following IPNV infection 176. 

In ECIPNV and EC-PKR-C4IPNV, the mean expression of irf1 (1.83±1.08 fold induction in ECIPNV and 

1.57±0.86 in EC-PKR-C4IPNV) and pkr-fl (1.28±0.30 in ECIPNV and 1.51±0.42 in EC-PKR-C4IPNV) 

was not significatively different compared to non-infected EC cells. Interestingly, irf3 and mx123 

were overall weakly but significantly more expressed in EC-PKR-C4IPNV compared to non-infected 

cells (2.30±0.69 and 4.22±4.20 fold inductions for irf3 and mx123, respectively) but not in ECIPNV 

(1.64±0.45 and 1.92±1.25, respectively) (Figure 34, colored bars). Taken together, these results 

indicate that, in persistently infected cells, the expression levels of innate immune genes are overall 

similar to those in non-infected cells, suggesting that the host innate immune response is also 

dampened during persistent infection. 
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Figure 33: Intracellular IPNV replication correlates with extracellular titers. 

(A) Black bars show means ± SD of relative expression levels of IPNV transcripts in EC cells infected with IPNV 31.75 

(MOI 1) for 8h and 24h post-infection, stimulated with recombinant type I IFN (72h) or left untreated (n=3 for each 

condition); ns, non-significant, ****, p < 0.0001, ordinary one-way Anova with Tukey’s post-hoc multiple comparison 

test. Colored bars show means ± SD of relative expression levels of ipnv mRNA in persistently IPNV-infected WT ECIPNV 

and pkr-/- EC-PKR-C4IPNV (for each cell line, n=3x17, corresponding to all the samples collected from P24 to P40). *, p 

< 0.05, **, p < 0.01, Kruskal-Wallis test with Dunn’s post-hoc multiple comparison test. (B) Dotplot showing log-

transformed ipnv mRNA levels (represented as fold change relative to calibrator) as a function of log-transformed 

extracellular titers in persistently IPNV-infected ECIPNV and EC-PKR-C4IPNV cells. Distinct linear regressions were 

performed on ECIPNV and EC-PKR-C4IPNV datasets. (C,D) Graphs showing extracellular titers and ipnv mRNA levels 

over the course of passages in each individual flasks of ECIPNV (C) and EC-PKR-C4IPNV (D). 
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Figure 34: Persistent and acute IPNV infections dampen the innate immune response in infected cells. 

Black bars show means ± SD of relative expression levels of target genes (irf1, irf3, mx123, pkr-fl) in EC cells infected 

with IPNV 31.75 (MOI 1) for 8h and 24h post-infection, stimulated with recombinant type I IFN (72h) or left untreated 

(n=3 for each condition); ns, non-significant, *** p < 0.001, ****, p < 0.0001, ordinary one-way Anova with Tukey’s 

post-hoc multiple comparison test. Colored bars show means ± SD of relative expression levels in persistently IPNV-

infected WT ECIPNV and pkr-/- EC-PKR-C4IPNV (for each cell line, n=3x17, corresponding to all the samples collected 

from P24 to P40). *, p < 0.05, Kruskal-Wallis test with Dunn’s post-hoc multiple comparison test. 

Although these results are indicative of what happens in persistently infected cells as a whole, they 

do not show whether variations in expression occur over the course of passages. For both cell lines, 

the expression profiles of each ISG were examined in individual flasks over passages in comparison 

with intracellular IPNV RNA levels. For irf3, mx123 and pkr, variations in expression over time did 

not correlate with the corresponding viral RNA level and no other expression pattern could be 

identified (Section 7, Figure 40 to Figure 42). Furthermore, the range of variation remained low for 

all these genes: for irf3 and pkr, maximal induction was less than 2-fold in both cell lines compared 

to the mean expression levels in persistently-infected cells, for mx123, the expression amplitude was 

higher than 2-fold but basal expression levels were also lower (Cq values ~30) resulting in higher 

background noise. In contrast, irf1 transcript levels were weakly correlated with viral RNA levels 

(Figure 35). In particular, expression variations in individual flasks for both cell lines show peaks in 

irf1 expression occurring at the same time as peaks in viral transcripts in approximately half the cases 

(Figure 35B,C). Consistently, sample subsets expressing high levels of viral RNA display a positive 

correlation between irf1 expression and viral gene expression (Figure 35A). These results suggest 

that irf1 expression may be triggered when viral RNA levels are over a specific threshold, hence a 

correlation only visible in samples expressing high levels of viral RNA. These findings are also 

reminiscent of the results obtained in the case of acute infection, which induced the expression of irf1 

expression but not that of other innate immune genes (Figure 34). However, it should be noted that 

the fold changes in irf1 expression in these cell lines were much lower than during acute infection: 

indeed, while a mean 30-fold induction in irf1 expression was measured at 24 hpi in acutely infected 
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cells, irf1 expression peaks barely reached a 2.7-fold induction on average in both cell lines compared 

to the basal expression levels in persistently-infected cells. 

 

Figure 35: IRF1 is induced in both in both acutely and persistently infected cells. 

(A) Dotplot showing log-transformed ipnv mRNA levels (represented as fold change relative to calibrator) as a function 

of log-transformed irf1 mRNA levels in persistently IPNV-infected ECIPNV and EC-PKR-C4IPNV cells. Linear regressions 

were performed on ECIPNV and EC-PKR-C4IPNV subsets expressing high levels of ipnv mRNA (threshold log(IPNV FC 

relative to calibrator) > -3). (B,C) Graphs showing ipnv and irf1 mRNA levels over the course of passages in each 

individual flasks of ECIPNV (B) and EC-PKR-C4IPNV (C). 
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Altogether, these results suggest that persistent IPNV has evolved strategies to evade the host innate 

immune response and even inhibits the expression of genes that are usually induced following acute 

infection, such as irf1. However, it appears that variations in viral RNA levels may cause inhibition 

to “leak” when these levels are above a specific threshold, resulting in a few weak irf1 expression 

peaks. In addition, the fact that some viral RNA expression peaks are not associated with higher irf1 

expression may be due to other viral evasion mechanisms. 

4. 4. Persistently IPNV-infected cells are refractory to acute IPNV infection but permissive to 

other viruses 

We investigated the permissivity of ECIPNV and EC-PKR-C4IPNV to viral infections, including 

multiple IPNV strains as well as heterologous viruses. Persistently infected ECIPNV and EC-PKR-

C4IPNV cell lines were refractory to acute infection with IPNV 31.75 and displayed no signs of CPE 

contrary to their IPNV-free counterparts (Figure 36A). Comparable results were obtained with 

infection at higher MOIs (up to MOI = 50) as well as with other IPNV strains, including IPNV TA 

and IPNV PT (data not shown). In contrast, ECIPNV and EC-PKR-C4IPNV showed no difference in 

permissivity following infection with IHNV 25.70 compared to non-persistently infected cells 

(Figure 36B). Similar observations were made following infection with other heterologous viruses, 

including VHSV and EHNV (data not shown). 

Taken together, these results suggest that persistently IPNV-infected cells are refractory to acute 

IPNV infection, regardless of the strain/isolate. However, the IPNV persistence does not seem to alter 

their permissivity to infections with heterologous viruses. 

 

Figure 36: Comparison of permissivity to IPNV31.75 and IHNV25.70 of IPNV-free cell lines and persistently 

IPNV-infected cells. 

WT EC, pkr-/- EC-PKR-C19, WT ECIPNV, pkr-/- EC-PKR-C4IPNV were infected with 10-fold serial dilutions of (A) IPNV 

31.75 (starting MOI = 0.005) or (B) IHNV 25.70 (starting MOI = 0.3) and incubated for 7 dpi at 14°C and 22°C, 

respectively.  
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5. Discussion 

In this study, we characterized two Chinook salmon cell lines deriving from the parental EC cell line, 

a WT cell line and a pkr-/- cell line, which were found to be persistently infected with IPNV, rendering 

them refractory to acute IPNV infection. We observed that the extracellular titers of persistent IPNV 

oscillate over the course of passages in both cell lines and that they correlate – at least partially – with 

variations in intracellular viral replication. Our results further indicate that the basal expression of 

key ISGs transcripts is dampened during persistent infection, in a similar fashion to what occurs 

during acute IPNV infection, and that PKR is not primarily involved in the regulation of this 

persistence phenomenon. Taken together, these results suggest that persistent IPNV has evolved 

strategies to evade the host innate immune response by inhibiting the expression of innate immune 

genes, while maintaining a relatively low replication level. 

ECIPNV and EC-PKR-C4IPNV present the canonical characteristics of persistently IPNV-infected 

cells 

Our persistently infected cell lines present most of the characteristics typically described for viral 

persistence in mammalian cells, including continued growth of infected cells that are morphologically 

indistinguishable from virus-free cells, continued production of infectious virions over passages; 

resistance to superinfection by homologous virus strains and susceptibility to heterologous viruses 586. 

One last criterion mentioned by Rima & Martin (1976) is the presence of viral antigen in a majority 

of cells, which was not examined in the present study. These results are fully consistent with other 

studies on fish cell lines persistently infected with IPNV 179,580–583,585,587. 

Contrary to our study, no specific patterns in extracellular titers were identified by Hedrick et al. 

(1978, 1981) in persistently IPNV infected CHSE-214 and STE-137 cells, although considerable 

variations were measured over weekly passages 580,581. In contrast, Saint-Jean et al. (2010) noticed 

that in persistently IPNV-infected RTG-2 cells, extracellular titers fluctuated during 20 passages with 

a periodicity of 6 passages, following the same pattern as cells expressing viral antigens 179. Our study 

was performed on a longer period of time and confirmed that this periodic pattern is, indeed, present 

in IPNV-infected EC cells. Importantly, similar oscillations in titers from persistently infected cells 

have been reported in both in vitro and in vivo mammalian models during persistent infections with 

VSV or rabies 591–593. 

What are the mechanisms underlying oscillations in IPNV extracellular titers? 

Modulation of the innate immune response? 

This curious phenomenon prompted us to investigate the underlying mechanisms. For this purpose, 

we studied what was happening intracellularly in terms of viral replication and host innate immune 



 Results 3 – Persistently IPNV-infected cell lines  

241 

response. Our results show that, overall, intracellular viral RNA levels follow the same pattern as 

extracellular infectious titers. However, it appeared that the innate immune response was not triggered 

by the persistent infection, irrespective of the intracellular IPNV replication levels. These results are 

in line with early in vitro studies, which showed that that persistently IPNV-infected CHSE-214 and 

STE-137 cell lines displayed no IFN-like activity 580,582. Consistently, no differentially expressed 

ISGs were found by suppression subtractive hybridization (SSH) in persistently IPNV-infected 

CHSE-214 cells compared with non-infected cells 583. Similar observations were also made in vivo in 

IPNV-carrier Atlantic salmon, which displayed low viral RNA levels and no induction of mx in head 

kidney 594. These results may be linked to the ability of IPNV to evade the innate immune response 

even during an acute infection: for instance, IPNV infection was reported to suppress poly(I:C)-

induced activation of mx promoter in the RTG-P1 reporter cell line 176. Similarly, IPNV was found to 

limit mx expression in CHSE-214 cells pre-infected with IPNV and stimulated with recombinant 

IFNa1 177. Mechanistically, it seems that IPNV-mediated inhibition of the type I IFN signaling 

pathway involved VP4 and VP5 but the exact underlying mechanisms are currently unknown 177,178. 

In any case, it is possible that persistent IPNV has implemented similar mechanisms of action to block 

the induction of ISGs and/or IFN genes, enabling it to replicate without killing the host cells. 

In addition to directly inhibiting the IFN signaling pathway, other authors have proposed that the in 

vivo persistence status may also be favored by the virus reducing its replication levels so as not to 

trigger host defenses 594. Our results on irf1 expression levels, which seem to be slightly induced in 

persistently infected cells presenting higher levels of viral RNA (although to a much lower level 

compared to acute infection), support this hypothesis. 

Presence of defective interfering particles? 

In mammalian models, oscillations in extracellular viral titers in cells persistently infected with 

various RNA viruses were linked to the production of viral defective interfering particles 

(DIPs) 592,593,595. DIPs are viral particles containing “normal” structural proteins but a defective viral 

genome due to mutations, deletions or gene rearrangements 595,596. Most of them are able to enter 

permissive cells but are not replicative per se due to their truncated genome. However, they can 

replicate in case of co-infection with a “helper” standard infectious virus to complement the lost 

functions and give rise to similar progeny DIPs 595,596. By doing so, they may also interfere with the 

replication of non-defective WT viruses by competing for viral factors: due to their shortened length, 

they can replicate more efficiently than WT virus resulting in their accumulation in co-infected cells 

595,596. In cells persistently infected with VSV or rabies, it was observed that an increase in DIP 

production was occurring right after the production peak of infectious standard virus 592,593. A similar 

periodic pattern was observed in vivo in mice co-infected with standard VSV and DIPs with a 
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periodicity of ~5 days 591. Cave et al. (1985) proposed that this cyclic production dynamics was 

similar to a predator-prey relationship 591, suggesting that specific subpopulations may determine the 

composition of the virus pool in the supernatants 595. This cycling pattern was later mathematically 

modelled using input-output models incorporating interactions between standard virions, DIPs and 

cells to predict yields of infectious virus and DIPs 597,598. 

In our study, we did not examine the production of DIPs in persistently IPNV-infected CHSE-EC 

cells. Nonetheless, a few early studies provide evidence of the presence of DIPs in cells infected with 

both lytic IPNV and persistent IPNV 580,599. More specifically, electron microscopy studies revealed 

the presence of incomplete virions different from the electron-dense ones observed during acute 

infection 580. Analysis of persistent virions from infected STE-137 cells by centrifugation in cesium 

chloride gradients confirmed that two types of virions were produced: high-density infectious virions 

and low-density defective virions; the latter were able to delay CPE following infection with stock 

IPNV, suggesting that defective virions were DIPs 580. In line with these results, CPE-suppressing 

activity against IPNV but not heterologous viruses (e.g. IHNV, VHSV) was also reported in the 

supernatants from persistently IPNV-infected RTG-2, suggesting the presence of DIPs 179. However, 

whether DIPs oscillate asynchronously with infectious IPNV particles is still unclear. 

The current experiments performed do not allow to conclude about the production of DIPs in our 

persistently IPNV-infected cells. However, due to the similarity between our results and the ones 

described by Kawai et al. (1975) 592 and Palma & Huang (1974) 593, it is tempting to speculate that a 

similar phenomenon occurred in our cell lines. The presence of a few asynchronous peaks in viral 

RNA transcripts and in extracellular titers (Figure 30) may support this hypothesis, as the primers 

used may amplify viral RNA from both DIPs and standard viruses (although a deletion of the region 

amplified by the set of primers used cannot be ruled out). To go further in our analysis, it would be 

interesting to develop an assay to quantify DIPs in our collected supernatants, either by using 

centrifugation in cesium chloride gradients 580,592, by measuring the CPE-suppressing activity of these 

supernatants against homologous and heterologous viruses 179,592 and/or by sequencing of the viral 

genome from the different particle types present in the supernatant. The presence of soluble anti-viral 

factors could also be assessed by testing the antiviral activity of the supernatants using size-exclusion 

techniques to remove virions. 

6. Conclusion and perspectives 

To conclude, our study indicates that WT ECIPNV and pkr-/- EC-PKR-C4IPNV cells present most of the 

canonical characteristics of persistently infected cells. A striking feature of these cell lines is the 

oscillatory pattern of extracellular titers and of intracellular viral RNA levels in both cell lines over 
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the course of passages. Our results further suggest that the host’s type I IFN response is not triggered 

during persistent infection and that PKR does not play a major role in the regulation of this persistence 

phenomenon. Taken together, these results suggest that persistent IPNV has evolved strategies to 

evade the host innate immune response, while maintaining a relatively low replication level. 

To go further, it would be interesting to confirm these findings by studying the impact of IPNV 

persistent infection on the cellular transcriptome over time using a whole transcriptome sequencing 

approach. An RNA-Seq study would also provide novel insights into alternative host’s pathways that 

are modulated during persistent infections, thereby helping identify additional mechanisms 

underlying IPNV persistence. Another future research axis will be to investigate the presence of DIPs 

in the supernatants to ultimately study whether our system follows a predator-prey dynamic. 

7. Supplementary data 

 

Figure 37: Alignment of chromatograms from ECIPNV and EC-PKR-C4IPNV with EC (WT) cell line. 

Chromatograms showing edited and wild-type (control) sequences in the region around the sequence targeted by sgRNA-

PKR1 from ECIPNV (aka. EC-PKR-C4-GFP(+)) and EC-PKR-C4IPNV (aka. EC-PKR-C4-GFP(-)). The horizontal black 

line represents the guide sequence; the horizontal red dotted line corresponds to the PAM site; the vertical black dotted 

line represents the actual cut site. The red boxes show inserted nucleotides. Alignments were obtained using Synthego 

ICE Analysis tool 600.  
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Figure 38: Original full-length blots used in Figure 31 

Regions corresponding to the cropped images are surrounded by a dotted line. The red arrow shows the band 

corresponding to PKR-FL. 
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Figure 39: Correlation between the number of cells per flask and the extracellular viral titers in the supernatants 

at each weekly sampling time point in ECIPNV and EC-PKR-C4IPNV 
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Figure 40: IRF3 expression levels in persistently IPNV-infected cells. 

(A) Dotplot showing log-transformed ipnv mRNA levels (represented as fold change relative to calibrator) as a function 

of log-transformed irf3 mRNA levels in persistently IPNV-infected ECIPNV and EC-PKR-C4IPNV cells. Distinct linear 

regressions were performed on ECIPNV and EC-PKR-C4IPNV datasets. (B,C) Graphs showing ipnv and irf3 mRNA levels 

over the course of passages in each individual flasks of ECIPNV (B) and EC-PKR-C4IPNV (C).  
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Figure 41: Mx123 expression levels in persistently IPNV-infected cells. 

(A) Dotplot showing log-transformed ipnv mRNA levels (represented as fold change relative to calibrator) as a function 

of log-transformed mx123 mRNA levels in persistently IPNV-infected ECIPNV and EC-PKR-C4IPNV cells. Distinct linear 

regressions were performed on ECIPNV and EC-PKR-C4IPNV datasets. (B,C) Graphs showing ipnv and mx123 mRNA 

levels over the course of passages in each individual flasks of ECIPNV (B) and EC-PKR-C4IPNV (C).  
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Figure 42: PKR expression levels in persistently IPNV-infected cells. 

(A) Dotplot showing log-transformed ipnv mRNA levels (represented as fold change relative to calibrator) as a function 

of log-transformed pkr-fl mRNA levels in persistently IPNV-infected ECIPNV and EC-PKR-C4IPNV cells. Distinct linear 

regressions were performed on ECIPNV and EC-PKR-C4IPNV datasets. (B,C) Graphs showing ipnv and pkr-fl mRNA levels 

over the course of passages in each individual flasks of ECIPNV (B) and EC-PKR-C4IPNV (C). 
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Compared to mammals, the ISGs repertoire is more diverse in fish species, largely due to whole 

genome duplication events that have occurred over their evolutionary history. Apart from a few 

exceptions, most mammalian ISGs have one or more orthologs in fish species. However, in most 

cases, it remains unclear whether fish genes are true functional homologs, as evidence that their 

mechanisms of action and interactions within the type I IFN pathway are conserved is still lacking. 

The aim of my PhD project was to investigate the function(s) and the contribution to the antiviral 

immune response of two key ISGs in fish, pkr and viperin, by using a CRISPR/Cas9-based knockout 

approach in fish cell lines. In this regard, my thesis objectives were articulated along three axes, that 

were (1) to develop and validate pkr-/- and viperin-/- fish cells, using the salmonid CHSE-EC cell line 

and cyprinid EPC-EC cell line as parental cell lines, respectively; (2) to functionally characterize 

these cell lines, in order to decipher the mechanisms of action of salmonid PKR and cyprinid Viperin 

and their potential role in regulating the type I IFN response through feedback loops; (3) to assess 

their permissivity to viral infections and evaluate their potential for viral particle production at higher 

yields than their wildtype counterparts. 

In this section, I will first discuss our key scientific findings in relation to objective 2: the functions 

identified for salmonid PKR and the regulatory role of cyprinid Viperin will be examined in light of 

the literature. In both cases, limitations of our study and future research work that could be carried 

out to expand on our functional analysis will be addressed. Secondly, our results regarding 

objective 3 will be summarized and the potential use of knockout fish cell lines for virus production 

as well as the associated challenges will be discussed. Finally, I will situate my PhD project in the 

context of the broader research project initiated in our laboratory and focusing on the development of 

knockout fish cell lines to investigate the function(s) of specific components of the type I IFN pathway 

in teleosts. In this regard, challenges relative to the characterization of knockout cell lines, future 

technical development avenues and research prospects will be outlined. 

1. Salmonid PKR 

Salmonid PKR has conserved molecular functions that can be bypassed by fish viruses 

In Results 1, my work builds on previous studies focusing on PKR of fish species from various 

taxonomic orders, including Tetraodontiformes, Perciformes, Pleuronectiformes and 

Cypriniformes 199,200,231,238,239,265,266. Our study provides more insight into the molecular functions of 

salmonid PKR, which is curiously missing from these functional studies except one 267. Unlike most 

of these studies, we used complementary approaches based on both overexpression and knockout 

experiments to confirm that Chinook salmon PKR has conserved molecular functions, including 
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apoptosis activation and inhibition of host protein synthesis. However, it appears that endogenous 

PKR does not play a major antiviral role during VHSV or GSV infections in CHSE-EC cells. In fact, 

our results suggest that VHSV has evolved a strategy to subvert PKR antiviral action, by limiting 

early induction of pkr expression and evading PKR-mediated translational arrest. In addition, VHSV 

seems to take advantage of PKR-mediated apoptosis to favor viral spread at a late stage of infection. 

This study provides a new example of the strategies developed by viruses to counter or hijack the 

molecular “antiviral” functions of PKR described in mammals 377 and in fish 172,267. 

Which other eIF2α kinases are involved in the antiviral response against VHSV? 

Our findings indicate that, during VHSV (and GSV) infection, eIF2α phosphorylation and host 

translational arrest is a PKR-independent process, which raises the question of which other kinase is 

mediating this particular response. Indeed, besides PKR, eIF2α can be phosphorylated by four other 

kinases, including PERK, GCN2, HRI and PKZ 200,202. Although each eIF2α kinase primarily 

responds to specific stress (PKR and PKZ during viral infections, PERK during ER stress, GCN2 

under amino acid starvation conditions, HRI during heme deprivation), several studies suggest they 

may have cooperative functions 201,204,205. Recent chemical inhibitor-based studies provide evidence 

that eIF2α phosphorylation is likely mediated by PERK during VHSV infection 172,271. Building on 

these studies, our study could be followed up with additional work that examines the role of PERK 

(LOC112236837, LG08) during viral infections by developing a perk-/- CHSE-EC cell line. 

Apart from PERK, the role of Chinook salmon PKZ, the fish-specific paralog of pkr, remains largely 

unexplored. PKZ is an eIF2α kinase, in which the dual dsRNA-binding domain is replaced by two or 

more Zα motifs, which bind dsDNA and dsRNA in the left-handed Z conformation 203. Like pkr, the 

pkz gene classifies as an ISG 198,203,229,239. Interestingly, Liu et al. (2011) demonstrated that Crucian 

carp PKR and PKZ displayed a cooperative antiviral effect against GCRV by triggering inhibition of 

host protein synthesis 239. In contrast, a recent in vivo study with pkr-/- and pkz-/- zebrafish larvae 

infected with a cyprinid herpesvirus (CyHV-3) showed that both KOs had no drastic effect on viral 

loads 263. A pkz gene (LOC112251961) is present in the genome of Chinook salmon and is located 

downstream of pkr (LOC112253229). Whether this gene is expressed in CHSE-EC cells during 

IFNA2 stimulation and/or viral infection and whether there is a cooperative role of PKR and PKZ 

upon viral infections in our cell line model remains to be elucidated. These questions should be 

addressed in future work, with the generation of double or triple knockout mutants, to clarify the 

functional and synergic relationship of PKZ with PKR and/or PERK during virus infection. 

  



 Discussion  

252 

Perspectives: what is the regulatory role of salmonid PKR in the inflammatory and IFN 

response? 

In addition to exploring the antiviral effects of PKR in relation to PKZ and other kinases, future 

research avenues could take advantage of the tools and cell lines developed in this study to investigate 

the role of salmonid PKR (and maybe PKZ) in the regulation of the innate immune response. Indeed, 

several studies in mammalian models provide evidence that PKR potentiates the type I IFN response 

via different mechanisms, including activation of NF-κB 347,348,355, interaction with RIG-I and 

MDA5 356,357 and formation of stress granules which function as dsRNA sensing platforms 374,375. In 

fish, it was recently reported that chemical inhibition of PKR in EPC cells resulted in a significant 

decrease in innate immune genes during VHSV infection 271. Similarly, overexpression of Orange-

spotted grouper PKR induced the expression of specific ISGs and increased the activity of NF-κB 

promoter 231. Comparable work on Grass carp PKZ suggests that fish PKZ might also enhance the 

type I IFN response 232. Exploring the role of salmonid PKR/PKZ in these pathways by transcriptomic 

analysis would provide of more comprehensive picture of the role of fish PKR in regulating 

inflammatory and IFN responses and may help discover non-canonical functions of fish PKR. 

Another research axis would be to study the impact of a null mutation of fish pkr and/or pkz using an 

in vivo model. Indeed, although our study and others showed that PKR and/or PKZ did not play a 

major antiviral role against fish viruses, including VHSV and CyHV-3 172,263, the role of PKR may 

vary from one cell type to another and from one virus to another (as described in Chapter 2, Section 

4. 3). The presence of potent inhibitors of PKR in the genome of poxviruses, such as vaccinia E3L 

and K3L which antagonize PKR by sequestering dsRNA or acting as a pseudosubstrate, 

respectively 383,601,602, as well as putative inhibitor of PKZ in the genome of herpesviruses, such as 

CyHV-3 ORF112 289,603, strongly suggests that these genes have an important antiviral activity during 

infections with specific viruses, which remain to be identified. 

2. Cyprinid Viperin 

Cyprinid Viperin plays a regulatory role in inflammation and metabolism 

In Results 2, we investigated the role of fish Viperin in the regulation of the innate immune response 

and in other pathways by conducting a comparative analysis of the cellular transcriptome of cyprinid 

viperin-/- and wildtype cell lines with or without stimulation with type I IFN. Our analysis revealed 

that Viperin is not involved in positive feedback loops of the canonical type I IFN response in this 

cell line but modulates the expression of a subset of genes involved in the inflammatory response by 

downregulating specific pro-inflammatory genes and upregulating repressors of the NF-κB pathway. 
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In addition, our data further indicate that Viperin is involved in the regulation of metabolic pathways 

(e.g. one carbon metabolism, bone formation, extracellular matrix organization and cell adhesion), 

thereby providing further evidence to support the emerging idea that Viperin plays a role in cellular 

metabolism, even in a non-infectious context. 

Limitations from our transcriptomic study and resulting research prospects 

A first limitation from our transcriptomic study to be aware of is that it was performed on an 

epithelial-like cell line, which is only representative of one specific cell type. However, a growing 

body of evidence suggest that Viperin's role greatly varies depending on the cell type and/or inducer 

used, even resulting in opposite outcomes 474,477,479 (for more details, refer to Chapter 3, Sections 5. 

2. 1 and 5. 2. 2). Therefore, our transcriptomic results must be seen in this light. For instance, our 

data indicate that Viperin does not potentiate the type I IFN response following stimulation with 

recombinant IFN supernatant; however, it would be hazardous to extrapolate these results to a general 

function (or absence thereof) of cyprinid Viperin. Indeed, many antiviral ‘effector’ ISGs, including 

PKR (presented in introduction), ISG15 142,604 and others in both mammals and fish, are known for 

modulating the IFN pathway in addition to their “direct” antiviral functions. Consistently, mammalian 

Viperin was found to be required for the production of type I IFN following engagement of TLR7 

and TLR9 in plasmacytoid dendritic cells 440. Therefore, it is not unlikely that cyprinid Viperin 

enhances the type I IFN response via positive feedback loops in other cell types and/or upon 

stimulation with a different inducer. Further research in other cell types and/or in in vivo models needs 

to be carried out to explore this hypothesis. 

Furthermore, although our RNA-Seq analysis highlighted specific pathways that echoed findings 

from other studies, such as bone metabolism 386 and extracellular matrix and cell adhesion 605, other 

metabolic pathways described as being modulated by Viperin in the literature were absent from our 

analysis. For instance, several studies provide evidence pointing to a role of Viperin in the modulation 

of lipid metabolism by inhibiting cholesterol biosynthesis 422,426,444,481 and limiting fatty acid β-

oxidation via interaction with mitochondrial trifunctional protein 439,467. However, our transcriptomic 

datasets did not reveal major expression changes in genes involved in these pathways. One reason 

that may explain this discrepancy is that Viperin may not affect the transcription of the genes coding 

for these enzymes but only limits their enzymatic activity via post-translational mechanisms, 

including promotion of protein degradation 422,426. In fact, it seems that Viperin exerts some of its 

functions via protein-protein interactions 151. As a consequence, potential changes at the protein level 

induced by Viperin are likely to go unnoticed in a transcriptomic study. Proteomics studies should be 

carried out to explore those functional aspects of Viperin. 
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Although our transcriptomic analysis highlighted new or non-canonical pathways of interest that 

Viperin might be involved in, we should also proceed with caution before drawing conclusions and 

further studies are needed to confirm the predictions provided in this study. It should be noted that 

some of our analysis is based on the comparison of transcriptomes between WT and viperin-/- cell 

lines at the steady state, for which viperin expression is very low (normalized counts ~8 in the control 

WT cell line) and the biological relevance of the analysis must be seen in this light. In addition, in 

our transcriptomic study, we are unable to distinguish between the effect of the viperin knockout and 

the clonal effect that may arise from genetic drift during single-cell clonal expansion of our mutant 

cell line. This point will be further discussed in a dedicated section below (Section 4). While efforts 

have been made to minimize the variability associated to the cloning process by using a clonal 

parental cell line, further functional studies are needed to confirm or disprove the regulatory role of 

Viperin in these pathways and processes. 

A final major limitation intrinsic to most transcriptomic studies is that our study does not offer clues 

regarding the mechanisms of action underlying the regulatory role of Viperin. Now that Viperin’s 

enzymatic activity is better known 150, one question that arises is whether the production of ddhCTP 

and the regulation of cellular processes are two independent processes, or whether they are coupled. 

Indeed, ddhCTP generated by Viperin was initially described as a chain-terminating antiviral 

ribonucleotide for viral RdRp 150. However, some authors have suggested that ddhCTP may have 

additional functions, including inhibition of NAD+-dependent dehydrogenases 492, transcription 

regulation of mitochondrial genes 467 and promotion of ribosome collisions resulting in host 

translational arrest 465. Further research into Viperin’s regulatory role is needed to be able to identify 

possible control mechanisms. In particular, the analysis of interactome data may provide clues for 

future research. 

3. Towards the use of knockout cell lines as virus production platforms? 

One of the objectives of my PhD project was to assess the potential of pkr-/- and viperin-/- cell lines 

as platforms to produce viral particles at higher yields than their wildtype counterparts. Indeed, the 

development and industrial production of inactivated vaccines, which still represent the main vaccine 

type currently available for the aquaculture market, is still limited by the relatively low yields of 

conventional viral particle production systems relying on permissive cell lines. 

To address this issue, new manufacturing technologies are being investigated, including the 

optimization of cell culture media 606, innovative bioreactor designs (e.g. roller bottles that allow 

higher cell densities or continuous systems) 607,608, forced transition of adherent cells into suspension 

growth to increase cell densities 609,610, selection of specific clones with enhanced functional 
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properties within a heterogeneous parental population 611. Another technological approach is the 

engineering of cell lines using genome editing tools in order to improve viral titers. Based on the 

rational assumption that the innate immune response and more specifically the type I IFN response is 

a limiting factor for the production of viral particles in cell lines, one strategy is to invalidate specific 

ISGs involved in these pathways. The use of knockout cell lines defective for one or several 

components of the type I IFN pathway has proven successful for high-yield production in mammalian 

models. For instance, Irf7-/- MDCK cells were found to produce higher extracellular titers upon 

influenza virus infection than their wildtype counterparts 612. Similarly, a ~2-log fold increase in 

influenza virus and VSV titers were reported in Isg15-/- Vero cells 613. Importantly, engineered 

knockout cell lines are already used in industry for the production of specific viruses: for instance, 

Intervet (Merck/MSD) holds a patent for an Irf3-/- Irf7-/- MDBK cell line which is used for the 

production of bovine respiratory syncytial virus 614. 

Concerning our genes of interest, to the best of my knowledge, no specific viperin or pkr knockout 

cell lines were developed for virus production in mammalian models. Nonetheless, viperin 

knockdown was reported to increase influenza virus titers in MDCK cell line by ~1-log 615 and MEFs 

deriving from viperin-/- mice supported higher ZIKV and DENV replication rates and/or extracellular 

titers than WT MEFs 410,472. Similarly, Sendai and Sindbis viruses were shown to replicate more 

efficiently in PKR-/- Hela cell lines 249. Despite these encouraging published results, our attempts to 

produce higher VHSV titers using pkr-/- and viperin-/- fish cell lines were unsuccessful and in the of 

case of pkr-/- cell lines, titers were even slightly lower, presumably because VHSV takes advantage 

of PKR-mediated apoptosis to promote virion release. 

Although our tests did not yield promising results with VHSV, it would be worth testing the ability 

of other viruses to replicate in the pkr-/- and viperin-/- cell lines. Indeed, the antiviral functions of 

Viperin and PKR are known to be virus-dependent and effects may drastically vary from one virus to 

another in mammalian models. For instance, Viperin knockdown and/or overexpression had no 

antiviral effects against flavivirus JEV 456,462, Yellow fever virus 462, paramyxovirus Shaan Virus 463. 

Similarly, PKR-deficient MEFs infected with flavivirus DENV 254 and or measles virus 255 showed 

no detectable increase in virus yields. 

Explaining the lack of improvement in viral yields from an evolutionary perspective? 

In the aforementioned mammalian models and in our fish cell lines, the lack of knockout effect on 

viral replication can typically be explained in two ways: (1) the virus has already developed strategies 

to counter the antiviral action of the protein of interest, making the knockout incidental; (2) the 

redundancy and robustness of the type I IFN response renders the loss of these specific ISGs 

negligible. 
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From an evolutionary perspective, both options likely play an equally important and concomitant 

role, as both viral and antiviral genes are under a strong evolutionary pressure, as postulated by the 

Red Queen hypothesis 16. On this basis, it is not unreasonable to consider that the invalidation of a 

single ISG does not have a major impact on viral replication, when put back into a network as complex 

as the type I IFN system, with its hundreds of inducible ISGs and further backed by alternative IFN-

independent antiviral pathways (e.g. IRF1-mediated pathways). This explanation is perhaps even 

more relevant of genes that are typically considered “effector” genes of the type I IFN response, such 

as pkr or viperin, as they may have a significant antiviral effect when co-expressed with other ISGs. 

In our study, the fact that the knockouts of pkr and viperin have no impact either on the replication 

of two different viruses, VHSV and GSV, or on the cells’ permissivity to other fish viruses (data not 

shown in this manuscript) suggests a predominant role of the second option. 

In any case, more efficient CRISPR/Cas9-based strategies may be needed for the development of 

high-yield virus-producing cell lines. 

Alternative 1: targeting bottlenecks in signaling pathways? 

One alternative strategy could be to target genes that encode key proteins upstream in the type I IFN 

signaling cascade, including adaptor and signal transduction proteins (e.g. trif, traf6, tbk1), key 

receptors (e.g. crfb5) or key transcription factors (e.g. irf1, irf3, irf7, stat1, stat2, etc). In support of 

this strategy, the mammalian cell line developed by Intervet to produce bovine RSV is a double 

mutant for Irf3 and Irf7 614. Cell lines knocked out for some of these genes are currently being 

developed and/or characterized in our laboratory and may provide better platforms for the production 

of viral particles. Nonetheless, it should be noted the stat2-/- EC cell line previously developed in our 

laboratory only displayed moderately improved permissivity to EHNV, VHSV and SAV infections 

compared to WT cells, suggesting that this strategy may also have limits, likely due to alternative 

type I IFN-independent antiviral pathways 136. 

Alternative 2: implementing a multiple gene knockout approach? 

In this regard, a second strategy could be to implement a multiple gene knockout approach. The 

rationale behind this approach is that different pathways and/or signaling bottlenecks need to be 

disrupted to circumvent the redundancy of the type I IFN system as well as IFN-independent 

pathways and effectively inhibit the antiviral innate response. In line with this reasoning, 

overexpression of one key ISG (e.g. IRF1, IRF7, MDA5, RIG-I) usually offered partial protection 

only against virus infection but co-expression of two ISGs improved inhibition of viral replication, 

suggesting that ISG-mediated antiviral effects are generally additive 146. Consistently with these 

results, a combined effect of multiple gene knockdown on poliovirus titers compared to single gene 



 Discussion  

257 

knockdown was also reported by Van der Sanden et al. (2016) 616. Nonetheless, when implementing 

this approach, care should be taken to strike a balance between the disruption of specific pathways 

and cell survival/growth that can potentially be altered by the knockout. 

Alternative 3: random screening of genes to invalidate? 

Alternatively, a third strategy could be to invalidate protein-coding genes at random and identify loss-

of-function mutations promoting viral replication (without altering cell viability). This approach 

breaks away from this hypothesis that the type I IFN response is the main restricting factor for virus 

production and has the advantage of being unbiased, insofar as the targeted genes are not pre-selected. 

However, such as strategy requires to have or to develop genome-wide siRNA (RNAi technology) or 

sgRNA (CRISPR/Cas9 technology) libraries. Interestingly, this approach was proven successful 

using an siRNA library to identify genes for which knockdown increased poliovirus and rotavirus 

titers 616,617. Surprisingly, most of these genes were not ISGs per se and were involved in other 

pathways, including CREB-dependent transcription pathway, ERK1/2 signaling pathway and 

apoptosis 616. However, adapting this strategy to fish models is challenging: indeed, although premade 

lentivirus libraries for whole genome knockout screens are readily available for the human genome 

(e.g. LentiArray and LentiPool, Invitrogen), each fish species would require its own library to be 

developed. In addition, this approach primarily relies on a lentivirus-based delivery method, that 

needs to be optimized for fish cells 558. Last but not least, the presence of numerous paralogous genes 

makes the task even more difficult and raises additional questions: should each paralog be invalidated 

one by one with the risk of compensatory effects, or should all paralogs be targeted all at once with 

the difficulty of developing sgRNAs that target several genes? In all cases, a great effort of research 

would be required. 

Alternative 4: use of persistently infected cell lines? 

Last but not least, in the case of IPNV, another non-canonical option to be considered to produce viral 

particles is to take advantage of the persistently IPNV-infected cell lines presented in Results 3. 

However, this would require several preliminary validation tests, including (1) to verify that the 

extracellular viral titers obtained are not lower than those classically obtained following acute 

infection, (2) to confirm that the viral particles are as antigenic as those obtained with an acute 

infection, and (3) to ensure that the potential presence of defective particles is not problematic. 

Regarding point 1, the data in Results 3 are not encouraging insofar as even the highest titers are 

typically around 107, i.e. 1-log lower than those classically obtained in case of acute infection on 

CHSE-214, suggesting that this strategy may not be as effective as the ones presented above. 
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4. Challenges and limitations for the development of knockout fish cell lines 

As mentioned earlier, my PhD project is part of a broader research project initiated in our laboratory 

and aiming at developing a “bank” of fish cell lines knocked-out for various ISGs to elucidate their 

function(s) and associated mechanisms of action. During the generation process of the pkr-/- CHSE-

EC and viperin-/- EPC-EC cells, I was confronted with a number of challenges and limitations related 

to the development and characterization of knockout fish cell lines, which are worth discussing. 

Challenges concerning the development of knockout fish cell lines 

When considering the development of knockout fish cell lines, it is important to be aware that the 

process is not as straightforward as in mammalian in vitro models due to various difficulties at 

different development steps, including design of sgRNAs and knockout validation. 

Firstly, the WGD events during the evolution of fish, including the teleost-specific and the salmonid-

specific ones 9–11, introduce another layer of complexity, making a thorough in silico study of the 

genome a pre-requisite to the design of sgRNAs. Importantly, whenever a new version of the genome 

of interest is released, care should be taken to check for the presence of previously unidentified 

paralogous genes that may become visible due to assembly improvements. To go even further, having 

a pangenome of the species considered, would provide insights into point and structural variants in 

the genes of interest and help the design of sgRNAs. In addition to having a proper (pan)genome 

assembly of the species of interest, it is also preferable to have the genome of the cell line itself, if 

possible. Indeed, in mammalian models, cell lines are known for their genetic instability over time 

leading to chromosomal rearrangement, aneuploidy, gain or loss of gene copies 611,618. In fish, this 

phenomenon is not well documented, but the genotyping results of our viperin-/- EPC-EC clones 

suggest that the EPC-EC cell line has undergone local duplication event or (partial) chromosome gain 

during its development process (see Discussion from Results 2 for more details). Having a well-

characterized parental cell line at the genomic and chromosomal levels would help avoid some of 

these pitfalls. 

Technical difficulties for the development and the validation of clonal knockout fish cell lines should 

also be taken into consideration. Indeed, most mammalian cell lines commonly used for 

CRIPSR/Cas9-based genome editing have the advantage of having relatively short cell division times, 

high transfection efficiencies and they are often “clonable” (i.e. they have the ability to propagate 

from a single cell). In contrast, most fish cell lines have a much longer division time while others are 

not easily transfected (e.g. RTG-2 and derivatives) 533. As a consequence, the cloning process is often 

time-consuming and laborious; for instance, 4 months were needed for individualized EPC-EC cells 

to grow sufficiently to be genotyped. 
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In addition, once clones with mutated genotypes have been obtained the knockout validation process 

can also be tricky. In mammalian models, it is recommended to validate the gene disruption using 

several methods, including western blots and RT-qPCR. In fish models, the scarcity of specific 

antibodies against the targeted protein makes the knockout validation at the protein level often 

laborious or impossible, if the gene of interest is a fast-evolving gene. In mammals, introduction of a 

premature stop codon following CRISPR/Cas9-mediated strand break can induce nonsense-mediated 

mRNA decay (NMD) 619, which can be detected by RT-qPCR. However, not all mutated transcripts 

trigger NMD and the position of the premature stop codon within the transcript affect its susceptibility 

to NMD 620,621. Curiously, in our fish cell lines no massive NMD was detected by RT-qPCR for the 

target genes, suggesting that the NMD rules described for mammals might not apply to fish 

models 620. Nonetheless, a systematic study should be carried out to confirm this hypothesis. 

Limitations of our workflow 

Besides these technical challenges specific to the development of knockout fish cell lines, our 

CRISPR/Cas9-based workflow has two important hurdles also found in mammalian models: (1) the 

risk of off-target mutations and (2) the clonal effect. 

Off-target mutations 

Off-targets are unwanted mutations in the genome resulting from the sgRNA binding to DNA 

sequences presenting mismatches 622. The CRISPR/Cas9 technology (and other CRISPR/Cas 

approaches) is bound to lead to off-targets 622. However, the risk of problematic off-targets can be 

minimized by implementing different strategies, including: (i) carefully designing sgRNAs using 

tools such as Crispor 623 or ChopChop 624, which help identify the most likely off-targets and their 

location (exon, intron, intergenic region); (ii) using new generation Cas9 proteins (e.g. eSpCas9, 

HypaCas9) which have been engineered to have enhanced specificity 625–627; (iii) using delivery 

methods that do not result in a prolonged or permanent expression of both Cas9 and sgRNA, which 

can favor off-target events (e.g. plasmid- or lentivirus-based delivery strategies) 628; (iv) developing 

knockout clones obtained using different sgRNAs. 

Our pipeline to develop knockout fish cell lines includes the use of Crispor for sgRNA design and 

the delivery method is based on the direct transfection of sgRNAs. It should be noted that CHSE-EC 

was initially developed to constitutively express Cas9 555, but during my PhD, transfections of both 

recombinant Cas9 protein and sgRNAs were implemented, as the consistency of transfections with 

sgRNAs alone resulting in mutated bulks deteriorated for unknown reasons. Nonetheless, in both 

cases, sgRNAs were likely not present in the cells for a prolonged period of time, as sgRNAs have 

an estimated half-life of 1-3 hrs 629,630. Concerning point (iv), for each targeted gene, I failed to obtain 
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different knockout clones generated with distinct sgRNAs: for the pkr-/- cell lines, although four 

different sgRNAs were tested, only one resulted in mutated bulks and for the viperin-/- cell line, only 

the bulks transfected with sgRNA-Vip1 and sgRNA-Vip2 gave rise to fully mutated clones. 

Nonetheless, even in this situation, we believe that the risk of off-target mutations is low. Indeed, 

independent empirical observations in our laboratory have shown that two distinct sgRNAs (targeting 

two very similar paralogs) differing by just 1 or 2 nucleotides do not cross-react. The development of 

single, double and triple mx knockout cell lines, presented in Appendix 3, is another telling example 

of how very similar sgRNAs result in mutations only in the targeted gene, leaving the other paralogs 

untouched. Overall, although off-target effects cannot be completely ruled out, we believe that they 

are likely limited thanks to the efforts made to keep their negative effects to a minimum. 

Clonal effect 

The so-called “clonal effect” refers to phenotypic variability between different clones generated from 

the same cell population that may arise from genetic drift or other non-genetic factors (e.g. 

transcriptional activity) during single cell clonal expansion. For the same reasons, subcloning from a 

clonally-derived population does not result in genetically identical and/or homogenous clonal 

populations either, highlighting the existence of an intra-clonal diversity 611,631,632. In mammalian 

models, this clonal effect has been described in multiple studies 611,631–635. 

However, in knockout studies, clonal isolation from a genome-edited cell population is often a 

necessary step to generate a fully mutated cell line 636 and it is also implemented in our workflow. 

Nonetheless, it was recently pointed out that the phenotypic heterogeneity of parental cells is an 

important and often disregarded factor in knockout studies in cell lines, which can give rise to 

phenotypically different clones, without these differences being due to the knockout of the gene of 

interest 635. In this study, the authors reported various cellular and biochemical differences between 

different WT clones and identified hundreds of DEGs (|log2FC|>1, p-value < 0.01) between a 

population of the mouse mIMCD-3 cell line (originally established as a monoclonal cell line) and 

recently obtained WT clones deriving from this cell line 635. In contrast, they showed that subclones 

deriving from a recent clonally-derived cell population showed show similar transcriptomic profiles, 

suggesting that the generation of clonally-derived wild-type cells prior to genomic manipulation 

reduces variability 635. 

In our different studies, we believe that this “clonal effect” is limited, as the parental cell lines (CHSE-

EC, EPC-EC) were already clonally-derived cell lines, which minimizes the variability associated to 

the cloning process. In addition, the CHSE-EC cell line appears to be benefit from a high genomic 

stability, which might be linked to the initial method used to obtain the initial CHSE-214 (i.e. 

spontaneous immortalization instead of induced immortalization through inactivation of tumor 
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suppressor genes and/or expression of telomerase reverse transcriptase protein 637). The genomic 

integrity of this CHSE-EC is currently being studied and characterized in detail in our laboratory. In 

any case, in the different subprojects presented in this manuscript, the use of different clones, 

wherever possible, helped rule out any clonal effect and prevent hasty conclusions. 

Nonetheless, in addition to studying multiple clones, rescue experiments and/or knockout reversal 

could help eliminate false-positive results, including phenotypes resulting from both clonal effects 

and off-target effects. 

5. Perspectives 

Towards the development of knock-in models? 

As mentioned above, rescue experiments and reversal of genome-editing would help validate 

phenotypes obtained by comparing WT and knockout clones. 

Rescue experiments consist of reintroducing the gene of interest into the genome of the knockout cell 

line and establishing a stable cell line, typically by transfection with a plasmid encoding the gene of 

interest, selection with antibiotics and cloning. Although easy to implement, this method is time-

consuming and does not restore the native expression levels of the gene of interest, as its expression 

is under the control of the promoter present in the plasmid. Furthermore, it relies on the random 

integration of the plasmid into the cell’s genome. In my PhD project, no rescue experiments were 

carried out per se, but transient transfections with plasmids encoding the gene of interest were 

performed resulting in opposite results (Results 1). Of note, for the PKR study, we failed to generate 

stable PKR-expressing clones from pkr-/- cells transfected with PKR rescue plasmids, probably 

because of the cytotoxicity of PKR. 

To take it a step further, it would be interesting to develop a protocol for knockout reversal in genome-

edited clones in order to rescue the target gene and fully validate the gene function. In other words, 

the edited gene sequence is modified by targeted mutation in order to restore the native sequence. 

Contrary to rescue experiments, the gene of interest is still under the control of its native promoter 

and it does not require any genomic integration. In practical terms, this protocol would likely be based 

on a knock-in strategy. The term “knock-in” usually refers to both precise insertion/deletion or 

introduction of single or multiple transgenes. In case of knockout reversal, the first option would be 

typically considered. Contrary to knock-outs which are primarily obtained following the appearance 

of random indels at the targeted cut site via the NHEJ-mediated repair pathway, knock-ins primarily 

exploit the HDR-mediated repair pathway 534. For this purpose, a homologous DNA sequence (e.g. 

ssDNA, dsDNA or plasmid) needs to be provided as a repair template to regenerate a matching DNA 
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sequence into the double-strand break 534. By using a WT DNA template, it should be possible to 

reverse the loss-of-function mutation back to the WT sequence. This strategy was successfully 

developed in mammalian cell lines 638,639 but so far, no analogous work has been carried out in fish 

cell lines. Interestingly, this rescue strategy was successfully performed in albino zebrafish embryos, 

in which the tyrosinase gene (required for the conversion of tyrosine into melanin) had been knocked-

out and then rescued by knock-in, thereby restoring the pigmentation 640. 

Preliminary knock-in tests are currently being conducted our laboratory to test whether this strategy 

could be implemented in fish cell lines. 

Towards the understanding the functional specialization of paralogs? 

The development of fish knockout cell lines also offers great opportunities to investigate the 

functional specialization of paralogous genes in fish. This research avenue is particularly interesting 

for genes in extended families, which are a common occurrence in fish due to their evolution 

history 14,79. I could not explore this research axis with my studies on pkr and viperin presented in this 

manuscript, as only one copy of the gene is present in the genome of the species considered. 

Nonetheless, I had the chance to develop CHSE-EC cell lines, in which 3 mx genes were invalidated 

using the same CRISPR/Cas9 approach: single, double and triple knockout clones could be generated 

and validated by western blots (Appendix 3). Preliminary results suggest that compensatory effects 

exist between different genes, with some paralogs being primarily expressed when others are knocked 

out. These cell lines provide an excellent model for studying these paralog-specific effects and their 

characterization is likely to yield exciting results. 

6. Conclusion 

Overall, my research on the development and the characterization of pkr-/- and viperin-/- fish cell lines 

has provided novel insights into the molecular and regulatory functions of two key ISGs in fish, 

namely PKR and Viperin. This work further highlights the action potential of specific ISGs beyond 

the scope of the type I IFN response, as exemplified by Viperin’s role in regulating specific metabolic 

pathways a priori unrelated to the antiviral response. The extension of this knockout approach to 

other ISGs combined with diverse characterization techniques will surely help in our understanding 

of this complex network. 
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APPENDIX 2 - RÉSUMÉ EN FRANÇAIS 

« Étude fonctionnelle de gènes stimulés par l’interféron par 

une approche in vitro d’invalidation génique en lignées 

cellulaires de poisson : de l’immunologie comparée à l’intérêt 

pour la production de vaccins » 

1. État de l’art 

1. 1. Vue d’ensemble de la réponse interféron chez les mammifères et les poissons 

Lors d'une infection microbienne, causée par un virus, une bactérie, un champignon ou un parasite, 

les vertébrés déclenchent une réponse immunitaire pour lutter contre le pathogène et endiguer 

l'infection. Chez les poissons, comme chez tous les vertébrés, cette réponse immunitaire repose sur 

deux piliers : la réponse immunitaire innée et la réponse immunitaire adaptative. La réponse 

immunitaire innée est la première ligne de défense contre les agents pathogènes. Il s'agit d'une réponse 

à action rapide initiée par un réseau de senseurs spécialisés, appelés PRRs (pattern recognition 

receptors en anglais), qui sont exprimés par un grand nombre de cellules de l'hôte. Au cours d'une 

infection virale, la détection de motifs moléculaires spécifique du pathogène, appelés PAMPs 

(pathogen-associated molecular patterns en anglais), déclenche une cascade de signalisation qui 

conduit à la production de molécules de défense de l'hôte, principalement des interférons (IFNs) de 

type I et II, des cytokines pro-inflammatoires et des chimiokines. Ces cytokines activent des 

mécanismes de défense, amplifient la réponse immunitaire innée et régulent la réponse adaptative par 

le biais d’actions autocrines et paracrines. En particulier, les IFNs de type I induisent la transcription 

de centaines de gènes appelés ISGs (IFN-stimulated genes en anglais), y compris des gènes effecteurs, 

qui ont une action antivirale directe ou modulent la physiologie cellulaire dans le but d’inhiber la 

propagation virale 1 (Figure 43). 

De façon générale, les mécanismes immunitaires innés sont relativement bien conservés chez les 

vertébrés à mâchoires. Cependant, le répertoire des gènes codant les IFNs et les ISGs est bien plus 

diversifié chez les poissons que chez les mammifères, en raison de leur histoire évolutive complexe 

et de leurs spécificités anatomiques et physiologiques. En effet, au cours de leur évolution, les 

poissons téléostéens ont subi un événement de duplication de génome entier il y a 320-350 millions 

d'années ; les salmonidés, quant à eux, ont subi un second événement de duplication du génome il y 

a ∼ 80-100 millions d'années 9–11. En conséquence, pour chaque gène unique chez les tétrapodes, il 

existe, en théorie, deux copies localisées sur des loci distincts chez les cyprinidés diploïdes et jusqu'à 

quatre copies chez les salmonidés. En réalité, les gènes dupliqués peuvent être perdus, pseudogénisés, 
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sous- ou néo-fonctionnalisés, et des événements de duplication en tandem supplémentaires peuvent 

également avoir lieu 12. Chez les salmonidés, il a été estimé que près de la moitié des gènes dupliqués 

devenaient des pseudogènes 9 ; néanmoins, certaines familles géniques présentent une grande 

diversité de membres 13,14. Dans le cas des gènes impliqués dans les réponses immunitaires 

antivirales, il a été suggéré que cette diversification a été favorisée par la pression évolutive et la 

nécessité de contrer des mécanismes viraux impliqués dans l'évasion immunitaire, comme le postule 

l'hypothèse de la Reine Rouge 15,16. Par conséquent, en raison des événements de néo-

fonctionnalisation et de sous-fonctionnalisation, la/les fonction(s) de nombreux gènes immunitaires 

de poissons et leurs mécanismes d’action restent encore nébuleux. 

 

Figure 43: Schéma simplifié de la réponse IFN de type I 

Les senseurs et récepteurs sont représentés en orange (TLR : Toll-like receptors – famille de récepteurs membranaires 

reconnaissant divers PAMPs viraux, dont des protéines et des acides nucléiques viraux ; RLR : RIG-I-like receptors – 

famille de récepteurs cytosoliques reconnaissant de ARNdb viraux ; CDS : cytosolic DNA sensors – famille hétérogène 

de récepteurs cytosoliques reconnaissances des ADNs viraux). Les cascades de transduction du signal sont représentées 

en vert : elles comprennent notamment des molécules adaptatrices et des facteurs de transcription, permettant l’induction 

de gènes spécifiques. 

1. 2. Le rôle de la PKR dans les défenses antivirales des mammifères et poissons 

La protéine EIF2AK2 (eukaryotic translation initiation factor 2 alpha kinase 2 en anglais), mieux 

connue sous le nom de protéine kinase dépendante de l'ARN double-brin (ARNdb) (PKR, dsRNA-

dependent protein kinase en anglais) fait partie des protéines codées par un ISG les plus étudiées. Elle 

est reconnue comme un facteur clé multifonctionnel de l'immunité innée, en agissant à la fois comme 

un senseur de virus et un effecteur à activité antivirale. 
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1. 2. 1. Expression, structure et activité antivirale de la PKR 

Chez les mammifères, la PKR est exprimée de manière constitutive et ubiquitaire à de faibles niveaux 

dans tous les tissus et son expression est induite par une variété de réponses à des stress, y compris 

un traitement à l'IFN de type I ou des infections virales 196. 

Structurellement, la PKR est composée d’une région N-terminale régulatrice présentant deux motifs 

de liaison à l'ARNdb (dsRBM, dsRNA binding motif en anglais) et un domaine C-terminal à activité 

kinase 196,211. Cette structure conservée chez la plupart des vertébrés, bien que le nombre de dsRBMs 

varie de un à trois en fonction des espèces 200. 

Son action antivirale a été démontrée contre un large spectre de virus à ARN 75 et son importance 

dans la réponse immunitaire de l’hôte est également mise en évidence par les nombreuses stratégies 

de subversion développées par les virus pour contrer ses effets antiviraux 377. 

1. 2. 2. Inhibition de la traduction médiée par PKR 

La PKR nécessite une étape d'activation pour être catalytiquement fonctionnelle 274,281. Cette 

activation est notamment médiée par liaison à l'ARNdb, qui est généré pendant les cycles de 

réplication des virus à ARN. Les interactions avec l'ARNdb sont orchestrées par les dsRBMs et 

induisent la dimérisation de PKR ainsi que son autophosphorylation 211,283. Une fois activée, la PKR 

catalyse la phosphorylation la sous-unité α du complexe eIF2, qui est impliquée dans l'initiation de la 

traduction de l'ARN messager. La phosphorylation de eIF2α conduit à un blocage général de la 

traduction cellulaire dans la cellule, ce qui inhibe la réplication virale, qui nécessite la machinerie 

cellulaire de l’hôte pour avoir lieu 75,202. 

1. 2. 3. Activation de l’apoptose médiée par PKR 

Outre son action inhibitrice sur la traduction cellulaire, la PKR est également impliquée dans d’autres 

mécanismes antiviraux, notamment l’activation de l’apoptose. Cette dernière est un type de mort 

cellulaire programmée conduisant à l’autodestruction des cellules sous forme de corps apoptotiques 

qui sont alors phagocytés par des cellules immunitaires 156. Au cours d’une infection virale, le 

déclenchement de l'apoptose à un stade précoce de l'infection permet de limiter la propagation virale 

en empêchant le virus de terminer son cycle de vie dans les cellules infectées 157. 

Les mécanismes moléculaires qui sous-tendent l’activation de l’apoptose par la PKR sont divers. 

Plusieurs études ont montré que ce processus dépendait de la phosphorylation de l'eIF2α, qui limite 

la traduction de régulateurs anti-apoptotiques et favorise l’expression de gènes spécifiques impliqués 

dans les voies de réponse au stress, telles que la voie ATF4/CHOP 206,249,309,310,320. Par ailleurs, 
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l'apoptose médiée par la PKR peut aussi être déclenchée par l'activation du facteur de transcription 

NF-κB 342,343. Dans tous les cas, le déclenchement de l’apoptose par la PKR se traduit par l’activation 

de la cascade caspase, qui constitue la phase exécutive de l’apoptose 158. 

1. 2. 4. Modulation des réponse inflammatoires et IFNs par PKR 

La PKR potentialise également les réponses inflammatoires et IFN, en modulant certaines voies de 

signalisation MAPK- et NF-κB-dépendantes 338–340,346 et en stimulant la production d’IFN de type I 

lors de certaines infections virales 344,354,357. Néanmoins, le rôle précis de la PKR dans l’activation de 

ces différentes voies reste encore à élucider. 

Il a néanmoins été montré que la PKR interagissait avec certains composants des voies de 

signalisation RIG-I et MDA5 – tous les deux des senseurs cytosoliques d’ARNdb – ce qui suggère 

que la PKR agit comme une protéine adaptatrice dans la transduction du signal. Parmi d’autres 

mécanismes d’action, il a été proposé que PKR stabilise les transcrits IFNB 354 et active certaines 

voies IRF-1-dépendantes 342. 

1. 2. 5. La PKR des poissons 

Des orthologues de la PKR mammalienne ont été identifiés dans le génome de poissons cartilagineux 

(Chondrichthyes) et osseux (Osteichthyes). Dans le cas des poissons téléostéens (i.e. la plus grande 

infraclasse des poissons osseux), le gène codant la PKR a été cloné et caractérisé chez des espèces 

appartenant à différents ordres taxonomiques, dont les Tétraodontiformes (e.g. fugu 266), les 

Perciformes (e.g. brème de roche 264, tilapia du Nil 265, mérou taches oranges 231), les 

Pleuronectiformes (e.g. cardeau hirame 199) et les Cypriniformes (e.g. carassin doré 239, carpe de 

roseau 238, poisson zèbre 200). Par ailleurs, certaines familles de poissons téléostéens, dont les 

cyprinidés, les salmonidés et les clupéidés, possèdent également un paralogue de pkr, appelé pkz, 

codant une protéine kinase dépendante de l'ADN-Z 198,200,229. L’ADN-Z correspond à une 

conformation non-canonique d’acides nucléiques 286. Sa fonction précise biologique n’a pas encore 

identifiée mais il a été suggéré qu’elle était générée au cours de certaines infections virales 220,289. 

La plupart des études sur la PKR (et la PKZ) des poissons n’ont pas disséqué ses mécanismes d’action 

de manière aussi approfondie que chez les mammifères. Elles indiquent, néanmoins, que plusieurs 

fonctions antivirales attribuées à la PKR des mammifères sont conservées dans ces organismes. En 

particulier, plusieurs études ont montré que les PKRs (et la PKZ) des poissons pouvaient phosphoryler 

eIF2α e inhiber la synthèse protéique de novo 199,238,257,265,266. En outre, l'activation de l'apoptose 

médiée par la PKR/PKZ a également été décrite chez certains cyprinidés 238,257,262. D’autres travaux 
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suggèrent également que la PKR de poissons est capable de moduler la voie de signalisation NF-κB 

260,266 ainsi que la production d'IFN de type I 231,271.  

1. 3. Le rôle de la Viperin dans les défenses antivirales des mammifères et poissons 

1. 3. 1. Expression, structure et activité antivirale 

La Viperin (virus inhibitory protein, endoplasmic reticulum associated, IFN inductible en anglais), 

également appelée RSAD2 (radical S-adenosyl-methionine (SAM) domain-containing protein 2 en 

anglais) figure parmi les ISGs les plus fortement induits lors de la stimulation par les IFNs et les 

infections virales 396,418. Le gène codant la Viperin fait partie des rares ISGs à avoir été initialement 

identifiés et étudiés dans un modèle non-mammalien : en effet, la Viperin a tout d’abord été 

caractérisée dans des leucocytes de truite arc-en-ciel (Oncorhynchus mykiss) infectés par le virus de 

la septicémie hémorragique virale (VSHV) 140, avant d’être clonée chez l’Homme 387. 

Structurellement, la Viperin est composée de 3 domaines distincts : un domaine N-terminal 

comportant une hélice α amphipathique nécessaire à sa localisation au niveau de face cytosolique du 

réticulum endoplasmique et des gouttelettes lipidiques 405,406 ; un domaine central conservé portant le 

motif canonique CX3CX2C, caractéristique de la superfamille à radical SAM et nécessaire à son 

activité enzymatique, et un domaine C-terminal conservé impliqué dans des interactions protéine-

protéine et dans la reconnaissance de substrats 394,400,418. Cette structure est largement conservée chez 

les vertébrés 396,398,399 ainsi que chez les invertébrés 433. Par ailleurs, des gènes apparentés à la Viperin 

ont été récemment identifiés chez les champignons, les bactéries et les archées, ce qui suggère que la 

Viperin fait partie d’un arsenal très ancien de mécanismes de défense antivirale 394,416,434. 

Chez les mammifères, la Viperin inhibe un large spectre de virus à ADN et à ARN 151, bien que sa 

capacité à limiter la réplication virale puisse radicalement différer d'un virus à l'autre 456,462. D’un 

point de vue mécanistique, la Viperin exerce son action antivirale par différents moyens, impliquant 

son activité enzymatique et/ou des interactions protéine-protéine 151. 

1. 3. 2. Effet antiviral du ddhCTP généré par la Viperin 

Bien qu’il ait été identifié très tôt que la Viperin nécessitait d’être catalytiquement active pour exercer 

son action antivirale dans la majorité des cas 396,461, son substrat est resté inconnu pendant de 

nombreuses années. Des études biochimiques ont récemment démontré qu'elle était capable de 

catalyser la conversion de la cytidine triphosphate (CTP) en son analogue 3′-deoxy-3′,4′-didehydro-

cytidine triphosphate (ddhCTP) par le biais d'un mécanisme radicalaire dépendant de SAM 150,394. Il 

a, par la suite, été montré que le ddhCTP inhibait la réplication de certains virus à ARN en agissant 

comme un terminateur de chaîne pour les ARN polymérases ARN dépendantes 150. 
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1. 3. 3. Interactions protéine-protéine 

La Viperin exerce également son action antivirale en interagissant avec un large éventail de protéines 

virales et cellulaires. En particulier, il a été rapporté qu'elle se lie aux protéines virales et qu'elle 

favorise leur dégradation par la voie du protéasome 462,469. 

En outre, la Viperin interagit avec les médiateurs cellulaires impliqués dans la signalisation 

immunitaire innée, notamment la voie TLR7 impliquée dans la détection des ARN à simple brin, la 

voie TLR9 spécialisée dans la détection de l'ADN CpG non méthylé 440,475 et la voie cGAS-STING 

activée par l’ADNdb cytosolique 471, renforçant ainsi la réponse IFN. 

Plusieurs études suggèrent également que la Viperin module certaines voies métaboliques exploitées 

au cours des cycles viraux, notamment la biosynthèse du cholestérol 422,444,641 et la sécrétion de 

protéines solubles 405,483. 

Par ailleurs, quelques études indiquent un rôle de la Viperin dans la régulation des processus 

métaboliques dans des conditions non infectieuses, y compris la formation des os et du cartilage 386,484, 

la réduction de la β-oxydation des acides gras 439,475,490 et la régulation du métabolisme mitochondrial 

492. Cependant, les mécanismes d’action sous-jacents restent encore à étudier en détails. 

1. 3. 4. La Viperin de poissons 

Chez les poissons, des orthologues du gène viperin ont été identifiés chez de nombreuses espèces et 

présentent une activité antivirale 140,413,430,447,450,455. 

En ce qui concerne les mécanismes d’action moléculaires de la Viperin de poisson, aucune étude ne 

s’est penchée sur la génération du ddhCTP, vraisemblablement en raison des difficultés techniques 

associées à ce type d’expérience (e.g. conditions anaérobiques). Néanmoins, des études de 

surexpression en cellules de poisson montrent que les Viperins de poisson sont capable de moduler 

l'expression des gènes impliqués dans les réponses inflammatoires et IFN 430,447,448,450, d'interagir avec 

des protéines virales pour promouvoir leur dégradation via les voies du protéasome et/ou de 

l’autophagosome 413 et de moduler le métabolisme du cholestérol 446. 

2. Objectifs 

La majorité des études fonctionnelles visant à caractériser les ISGs de poissons, dont la PKR et la 

Viperin, sont principalement basées sur des approches de surexpression et, dans une moindre mesure, 

de knock-down ou d’inhibition chimique. Bien qu’informatives, ces approchent présentent des biais 

intrinsèques, notamment des niveaux anormalement élevés ou au contraire rémanents de la protéine 

d'intérêt et une spécificité discutable des inhibiteurs chimiques, respectivement. Cependant, 
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l'expansion des technologies d'édition du génome associée au séquençage massif de génomes de 

nombreuses espèces de poisson est actuellement en train de révolutionner le domaine de 

l'immunologie des poissons, en rendant les études fonctionnelles par invalidation génique possibles. 

Dans ce contexte, l'objectif principal de mon projet de doctorat était de développer et de caractériser 

des lignées cellulaires de poissons, dans lesquelles ces deux ISGs majeurs ont été invalidés à l'aide 

du système CRISPR/Cas9, afin de comprendre leur contribution respective à la réponse immunitaire 

antivirale. À cet égard, les objectifs de mon projet étaient triples : 

(1) Développer et valider des cellules de poisson pkr-/- et viperin-/-, en utilisant la lignée cellulaire 

CHSE-EC de saumon Chinook (salmonidé) et la lignée cellulaire EPC-EC du poisson tête-

de-boule (cyprinidé) comme lignées cellulaires parentales, respectivement ;  

(2) Caractériser fonctionnellement ces lignées cellulaires, afin d’identifier leurs mécanismes 

d'action respectifs et leur(s) rôle(s) potentiel(s) dans la régulation de la réponse IFN de type I 

par des boucles de rétroaction ; 

(3) Évaluer l’impact des invalidations géniques sur la capacité des cellules à produire des 

particules virales à des plus hauts rendements que ceux de leurs homologues de type sauvage. 

3. Résultats 

3. 1. Caractérisation des fonctions moléculaires de la PKR de salmonidés par des approches de 

surexpression et d’invalidation génique 

Dans cette première étude, nous avons souhaité approfondir les connaissances sur la PKR de 

salmonidés, en caractérisant les fonctions moléculaires de la PKR de saumon Chinook 

(Oncorhynchus tshawytscha) par des approches complémentaires de surexpression et d’invalidation 

génique. Nous nous sommes ainsi penchés sur les problématiques suivantes : la PKR de saumon 

Chinook active-t-elle l'apoptose ? (2) Inhibe-t-elle la traduction des protéines de l'hôte ? (3) Est-elle 

impliquée dans l'inhibition de la réplication virale ? 

Dans un premier temps, nous avons identifié et cloné trois différents transcrits du gène pkr exprimé 

dans une lignée cellulaire de saumon Chinook CHSE-EC infectée par le VSHV : une forme longue 

(PKR-FL), présentant des domaines structuraux (3 motifs de liaison à l’ARN db, domaine kinase) 

conservés, une forme intermédiaire (PKR-ML), comportant des domaines N-terminal et C-terminal 

tronqués et une forme courte (PKR-SL), uniquement composée d’un motif de liaison à l’ARNdb et 

aucun domaine kinase (Figure 44A). Des études de RT-qPCR et western blot ont montré que la PKR-

FL était prédominante et fortement inductible par l’IFN de type I mais pas durant l’infection par le 

VSHV. 
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En parallèle, nous avons également développé et validé la première lignée cellulaire clonale de 

poisson invalidée pour le gène pkr en utilisant la technologie d'édition du génome CRISPR/Cas9 

(Figure 44B).  

Dans un deuxième temps, nous avons étudié le rôle de la PKR de saumon Chinook dans l’activation 

de l’apoptose. Des expériences de surexpression ont permis de démontrer que seule la PKR-FL était 

impliquée dans le déclenchement de l’apoptose par activation de la cascade caspase (Figure 44C). 

De même, nous avons montré par des expériences de perte de fonction que la PKR endogène activait 

la cascade caspase durant l’infection par le VSHV (Figure 44D). 

Dans un troisième temps, nous nous sommes intéressés au rôle de la PKR dans l’inhibition de la 

traduction cellulaire. Nos résultats ont confirmé que la PKR de saumon Chinook jouait un rôle majeur 

dans l'arrêt de la traduction en cas de surexpression ou de transfection avec du poly(I:C), un analogue 

synthétique de l’ARNdb (Figure 44E,F). En revanche, il est apparu que la PKR endogène n’était pas 

responsable de l'arrêt de la synthèse protéique durant l'infection par le VSHV (Figure 44G). 

Nos données indiquent également que la PKR n’affecte pas la réplication du VSHV en tant que telle 

mais favorise la libération des virions dans le surnageant à un stade infectieux tardif, probablement 

en déclenchant l'apoptose (Figure 44H). 

En résumé, nos résultats suggèrent que le VSHV a développé une stratégie pour échapper à l'action 

antivirale de la PKR, en limitant son induction précoce, en évitant l'arrêt de la traduction médié par 

la PKR et en tirant partie de l’activation de l'apoptose par la PKR à un stade tardif de l’infection pour 

favoriser la propagation du virus. Notre étude illustre ainsi les stratégies de subversion développées 

par les virus pour contrarier ou détourner les mécanismes antiviraux médiés par la PKR décrits chez 

les mammifères. 
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Figure 44: La PKR de saumon Chinook présente des fonctions moléculaires conservées 

(A) Représentation schématique des trois isoformes de PKR exprimées par les cellules EC. dsRBM = motif de liaison à 

l’ARNdb, KD = domaine kinase. (B) Validation des lignées EC pkr-/- par western blot. Les cellules EC (sauvages) et EC-

PKR (pkr-/-) ont été stimulées avec de l’IFNA2 de S. salar pendant 72h ; les contrôles positifs et négatifs sont des cellules 

transfectées avec les vecteurs d’expression pcDNA3.1-Zeo-BFP et pcDNA3.1-Zeo-BFP-P2A-PKR-FL, respectivement. 

Les lysats cellulaires ont été séparés par SDS-PAGE et incubés avec des anticorps contre la PKR et l'α-tubuline (protéine 

de ménage). (C, D) Activité enzymatique de la caspase 3/7. (C) Les cellules EC-PKR-C19 pkr-/- ont été transfectées avec 

des plasmides codant la BFP ou différentes isoformes de PKR (PKR-SL, -ML, -FL) et l’activité enzymatique de la caspase 

3/7 a été mesurée à 72hpt. Des cellules stimulées avec de la staurosporine (STS, 1 µM, 24h), infectées par le GSV (MOI 
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1, 24-48h) ou sans traitement sont des contrôles positifs et négatifs, respectivement. Les graphiques représentent la 

moyenne ± ET de deux expériences indépendantes (n=8 pour les expériences de transfection ; n=4 pour les expériences 

d’infection) ; ns, non significatif (p > 0,05), ****, p < 0,0001, ANOVA un facteur avec tests post-hoc de Tukey. (D) Les 

cellules ont été infectées avec du rVSHV-Tomato (MOI 0.1) et l’activité enzymatique de la caspase 3/7 a été mesurée à 

24, 48 et 72 hpi. Les graphiques représentent la moyenne ± ET de deux expériences indépendantes (n=4 pour chaque 

expérience) ; ns, non significatif (p > 0,05), *, p < 0.05, **, p < 0.01, ****, p < 0.0001, ANOVA deux facteurs avec tests 

post-hoc de Tukey. (E) Les cellules EC-PKR-C19 pkr-/- ont été cotransfectées avec le plasmide pcDNA3.1-Hyg-mEGFP 

et des vecteurs d’expression codant la BFP ou différentes isoformes de PKR (PKR-SL, -ML, -FL). À 8 hpt, les cellules 

contrôles ont été traitées avec du cycloheximide (CHX, 50 µg/mL) ou de la thapsigargin (Tg, 2 µM, 45 min). À 30 hpt, 

les lysats cellulaires ont été analysés par western blot des anticorps contre la PKR, la GFP ou l'actine (protéine de ménage). 

(F) Des cellules non-stimulées ou prétraitées avec de l’IFNA2 ont été transfectées avec ou sans poly(I:C). A 24 hpt, les 

cellules ont été pulsées avec de la puromycine (5 µg/mL, 15 min), un marqueur de la synthèse protéique de novo, et les 

lysats cellulaires ont été analysés par western blot. Le graphique représente la moyenne ± ET de deux expériences 

indépendantes (n=3 pour chaque expérience) ; ns, non significatif (p > 0,05) ; *, p < 0,05 ; **, p < 0,01, ANOVA à deux 

facteurs avec tests post-hoc de Bonferroni. (G) Les cellules ont été infectées avec du rVSHV-Tomato (MOI 1), laissées 

sans traitement (Ctrl) ou stimulées avec du cycloheximide (CHX, 50 µg/mL) for 24h. A 16, 24 ou 40 hpi, les cellules ont 

été pulsées avec de la puromycine (5 µg/mL, 15 min) et les lysats cellulaires ont été analysés par western blot avec des 

anticorps contre la protéine N du VSHV, eIF2α-P, eIF2α, puromycine et actine. (H) Les cellules ont été infectées avec le 

rVHSV-Tomato (MOI 1) ; les surnageants ont été collectés à 96 hpi et les cellules restantes ont été récupérées et soniquées 

; les surnageants et les soniquats ont été titrés. Les graphiques représentent la moyenne ± ET de deux expériences 

indépendantes (n=4 pour chaque expérience), *, p < 0,05 ; **, p < 0,01, test de Kruskal-Wallis avec tests post-hoc de 

Dunn sur les données log-transformées. 

3. 2. Caractérisation de la Viperin de cyprinidés par étude transcriptomique en lignées 

cellulaires viperin-/-  

Dans cette seconde étude, nous avons souhaité étudier la contribution de la Viperin de poisson à la 

réponse antivirale et notamment son rôle régulateur à l’échelle transcriptionnelle. Nous avons ainsi 

abordé les questions suivantes : (1) La Viperin de poisson contribue-t-elle à la régulation de la réponse 

IFN de type I ? (2) La Viperin de poisson est-elle impliquée dans la régulation d'autres voies 

métaboliques/fonctionnelles ? 

Pour répondre à ces interrogations, nous avons développé et validé une lignée cellulaire clonale de 

type épithélial, dérivant du poisson tête-de-boule (Pimephales promelas), dans laquelle le gène 

viperin a été invalidé par édition du génome. 

Afin d'obtenir une vue d'ensemble de la réponse transcriptionnelle différentielle entre les lignées 

cellulaires viperin-/- et sauvages, nous avons effectué une analyse comparative du transcriptome des 

deux lignées cellulaires avec ou sans une stimulation de 24h avec de l'IFN de type I recombinant du 

poisson tête-de-boule. Notre analyse transcriptomique montre que, dans ce type cellulaire, la Viperin 

n'est pas impliquée dans la régulation de la réponse IFN de type I canonique, ce qui laisse supposer 

que, dans ce type cellulaire, la Viperin est essentiellement un effecteur du système IFN. En revanche, 

nos données indiquent que la Viperin agit comme un régulateur négatif de la réponse inflammatoire, 

en limitant l’expression de gène pro-inflammatoires spécifiques en cas de stimulation par l'IFN de 

type I et en promouvant l’expression de régulateurs négatifs de l'activation de NF-κB en conditions 

contrôles. En outre, il semblerait que la Viperin ait une fonction régulatrice dans d'autres processus 
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métaboliques tels que l'organisation de la matrice extracellulaire, l'adhésion cellulaire, la formation 

osseuse et le métabolisme un carbone et ce, même en conditions non-induites (Figure 45). Ces 

résultats soutiennent la notion émergente selon laquelle la Viperin pourrait jouer un rôle dans les 

processus métaboliques au-delà de la réponse antivirale. 

 

Figure 45 : Schéma-bilan des différentes voies régulées par la Viperin à l’échelle transcriptionnelle dans les cellules 

de poisson tête-de-boule de type épithélial 

3. 3. Caractérisation de lignées cellulaires infectées de façon persistante avec l’IPNV 

Au cours du processus de développement de lignées cellulaires pkr-/- initiales, deux lignées de saumon 

Chinook se sont révélées être infectées de façon persistante par le virus de la nécrose pancréatique 

infectieuse (VNPI), vraisemblablement suite à une contamination accidentelle. Nous avons donc 

entrepris de caractériser ces lignées cellulaires infectées au cours de 40 passages. Notre étude indique 

que les deux lignées cellulaires présentent toutes les caractéristiques canoniques des cellules infectées 

de manière persistante, à savoir une morphologie similaire aux cellules exemptes de virus, une 

croissance continue, une production continue de virions infectieux au cours des passages, une 

résistance à une surinfection avec différentes souches de virus homologues tout en restant susceptibles 

à une infection par des virus hétérologues.  

Nous avons également observé la présence d’oscillations périodiques des titres viraux extracellulaires 

et des niveaux intracellulaires d'ARN viral au cours des passages (Figure 46). Nos résultats suggèrent 

en outre que la réponse IFN de type I de l'hôte n'est pas déclenchée pendant l'infection persistante. Il 

semblerait donc que le VNPI persistant ait développé des stratégies pour échapper à la réponse 

immunitaire innée de l'hôte, tout en maintenant un faible niveau de réplication. 
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Figure 46: Le niveau intracellulaire d’ARN viral dans les cellules infectées de façon persistante avec le VNPI 

corrèle avec les titres extracellulaires 

Graphique montrant les titres extracellulaires et le niveau intracellulaire d’ARN viral au cours de 15 passages d’une 

flasque individuelles de ECIPNV. Ce graphique est représentatif des données obtenues avec d’autres flasques individuelles 

suivies en parallèle. 

Ces lignées cellulaires constituent ainsi un modèle idéal pour étudier l’impact d’une infection 

persistante sur le transcriptome cellulaire et identifier des mécanismes sous-jacents de la persistance 

virale, mais également explorer la présence de particules défectives interférentes, qui sont peut-être à 

l’origine des oscillations périodiques observées. 

4. Conclusion 

Mes travaux de recherche sur le développement et la caractérisation des lignées cellulaires de 

poissons pkr-/- et viperin-/- ont apporté de nouvelles connaissances sur les fonctions moléculaires et 

régulatrices de deux ISGs clés chez les poissons, à savoir la PKR et la Viperin. Ce travail met 

également en lumière le potentiel d'action de certains ISGs au-delà de la réponse à l'IFN de type I, 

comme le montre le rôle de la Viperin dans la modulation de voies métaboliques spécifiques, a priori 

sans rapport avec la réponse antivirale. L'extension de cette approche d’invalidation génique à d'autres 

ISGs, combinée à diverses techniques de caractérisation, contribuera certainement à approfondir notre 

compréhension de ce réseau complexe.  
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APPENDIX 3 

Development and validation of three Chinook salmon mx 

knockout cell lines 

1. Introduction 

During the four years of my thesis, in addition to the pkr-/- and viperin-/- cell lines, I successfully 

developed additional knockout cell lines for other ISGs, in particular mx-/- cell lines. 

Mx (myxovirus resistance) is another key antiviral effector ISG. Mx genes encode IFN-inducible 

dynamin-like GTPases that have an antiviral effect against a wide array of RNA viruses as well as 

some DNA viruses 144,642. Mechanistically, Mx proteins were found to inhibit viral replication via 

distinct mechanisms of action depending on the virus 642. According to the current mechanistic model, 

Mx proteins oligomerize around viral nucleocapsids, leading to sequestration of targeted components 

into aggregates, blockade of nuclear translocation and/or disruption of their functional integrity 642,643. 

Two mx genes are usually present in the genome of mammalian species 144. In fish, the number of mx 

paralogs dramatically varies from one species to another: while mx genes appear to be lost in 

Gadiformes fish 644, only one mx gene was found in Tetraodontiformes fish 14,645. In contrast, diploid 

cyprinids, such as zebrafish, have up to 8 mx paralogs, while 6 to 10 mx genes have been found in 

salmonids 14. In salmonids, the mx genes reside in four distinct chromosomal loci, that cluster together 

into separate phylogenetic clades (Figure 47). Interestingly, Atlantic salmon mx genes seem to 

respond differently to IFNs, with mx1-3 (Chr12) and mx4-8 (Chr25) being primarily induced by type 

I and type II IFNs, respectively 646. Wang et al. (2019) further confirmed that mx genes can be induced 

in a cytokine- and cell line-dependent manner 14. In addition, the antiviral activity of salmonid Mx 

proteins was established for Atlantic salmon Mx1 against IPNV 647 and rainbow trout Mx1 648. 

During my thesis, I was able to develop all the tools needed to study the function of Chinook salmon 

mx1-3 genes, which are all clustered together on Chr2. The purpose of this additional chapter is to 

summarize the development and validation processes of Chinook salmon mx1-3 expression vectors 

as well as a collection of mx-/- cell lines (single, double, triple mutants). 



 Supplementary material – Appendix 3  

304 

 

Figure 47: Phylogenetic tree (A) and chromosome location (B) of salmonid mx genes from Wang et al. (2019) 

Chinook mx genes are marked with a red cercle. SMG: salmonid Mx groups. Figure modified from Wang et al. (2019) 14. 

2. Material and methods 

2. 1. Cell lines, culture conditions and viruses 

The CHSE-EC cell line, that was previously genetically modified to stably express a monomeric 

enhanced green fluorescence protein (mEGFP) 555, as well as its derivatives were grown in 

Leibovitz’s L-15 medium (Gibco) supplemented with 10% FBS (Biosera), penicillin (100  U/mL)-

streptomycin (100 μg/mL) (Biovalley), 500 μg/mL G418 (Invivogen), 30 μg/mL hygromycin B Gold 

(Invivogen). All cell lines were maintained at 20°C without CO2. 

2. 2. Development of mx-/- cell lines 

Single guide RNAs (sgRNAs) were designed within the first coding exon of mx1 (LOC112247236, 

LG02), mx2a (LOC112247237, LG02), mx2b (LOC121839060, LG02) and mx3 (LOC112247235, 

LG02) genes, using CRISPOR v5.01 web tool 623. The sgRNAs were designed to target either each 

paralog specifically (except mx2a and mx2b which share 99.3% identity), or several of them at the 

same time (Table X). To ensure the specificity of the sgRNAs, care was taken that no non-mx off-

target genes with more than 3 mismatches in the first 12 bp adjacent to the PAM (most likely off-

targets) were identified in the Chinook salmon genome (Otsh_v2.0, NCBI RefSeq assembly 

GCF_018296145.1). A sgRNA targeting the mEGFP gene was also used as previously designed 555. 

A B
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The sgRNAs were synthesized using the T7 RiboMAX™ Express Large Scale RNA Production 

System kit (Promega) using 0.5 µg of each primer, incubated with 1 µL of RQ1 DNase (Promega) 

for 1h at 37°C and purified using TRIzol™ reagent (Invitrogen), according the manufacturers’ 

instructions. The sgRNAs were resuspended in RNase- and DNase-free water and quantified using a 

Nanodrop spectrophotometer. The purity of the sgRNAs was checked on a 2% agarose-EtBr gel 

before or after a 30 min treatment with RNase A (Qiagen) at room temperature. Each sgRNA was 

mixed with recombinant TrueCut™ Cas9 Protein v2 (Invitrogen) at a 1:1 molar ratio (0.2 µg sgRNA 

and 1 µg rCas9 i.e. 6.1 pmol each in 2 µL) and incubated at room temperature for 20 min. For single 

mutants, the sgRNA-mEGFP/Cas9 complex was mixed with each sgRNA-Mx/Cas9 complex at 1:1 

volume ratio in resuspension buffer R (Neon™ Transfection System kit, Invitrogen); for double or 

triple mutants, the sgRNA-mEGFP/Cas9 complex was mixed with combinations of sgRNA-Mx/Cas9 

complex at 2:1:1 volume ratio in resuspension buffer R. The mix was transfected into EC cells using 

the Neon™ Transfection System (Invitrogen): EC cells were prepared as described in Section 2. 4 

and 5 µL of cell suspension at 2 x 107 cells/mL was mixed with 5 µL of sgRNA/Cas9 complex. The 

cells were transfected using the same conditions established for plasmids, as described in Section 2. 

4. All transfected cells (~5 x 105 cells) were mixed in 5 mL L-15+10% FBS+P/S in a 25 cm2 flask 

(Sarstedt) and incubated at 20°C for 3-4 weeks. 

Once the cell population reached confluency, the transfected cells were passaged (surface ratio 1:4), 

and ~2 x 106 cells were used for genomic DNA extraction using NucleoSpin Tissue Mini kit 

(Macherey-Nagel), according to the manufacturer’s instructions. Genomic DNA segments containing 

the targeted sites were amplified by PCR using GoTaq® G2 Flexi DNA Polymerase (Promega) using 

the following genotyping primers: Mx1-gen-F/Mx1-gen-R for mx1, and Mx2ab-gen-F/Mx2ab-gen-R 

for mx2a and mx2b, and Mx3-gen-F/Mx3-gen-R for mx3 (Table X). The PCR cycling program was 

performed in a thermal cycler (Eppendorf) and was as follows: 94°C for 3 min then 35 cycles of 94°C 

for 15 s, 56°C for 15 sec, 72°C for 40 sec, and a final extension of 72°C for 5 min. The PCR products 

were purified using NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel) and directly 

sequenced (Sanger sequencing service, Eurofins) using the same amplification primers (Table X). 

Sequences were analyzed using Synthego ICE analysis tool v3 (Synthego) 600 to assess the percentage 

of mutated cells in the transfected cell populations (bulks). sgRNA-Mx2d, sgRNA-Mx2d, sgRNA-

Mx3b, sgRNA-Mx123 failed to yield genome-edited cells at the targeted sites so only the bulks 

transfected with sgRNA-Mx1a, sgRNA-Mx3a, sgRNA-Mx12, sgRNA-Mx1a+sgRNA3a and 

sgRNA-Mx12+sgRNA-Mx3a were further used for clonal isolation. 

Transfected cells were manually isolated except cells transfected with sgRNA-Mx3a; which were 

sorted by FACS. For manual isolation, ~1 x 105 cells were seeded in a 6-well plate and serially diluted 
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(6-fold dilutions) in duplicates. Three to four weeks post-seeding, clonal cell patches were marked, 

analyzed under a fluorescent Axio Observer Z1 microscope (Zeiss, Oberkochen, Germany) and for 

each condition, ~50 mEGFP-deficient clones were selected, detached mechanically by scraping with 

a pipette tip and sub-cultured into 48-well plates. After 3-4 weeks, ~20 clones were sub-cultured and 

propagated in 25 cm2 flasks and their genotype was characterized as described above. For FACS-

sorted clones, cells were detached by trypsin-EDTA action and mEGFP-deficient single cells at a 

density of ~4 x 106 cells/mL were individualized by a BD FACSAria™ Fusion Flow Cytometer 

(Institut Pasteur, Paris, France) using a 100 µm duct into a 96-well plate (Sarstedt) in L-15 

supplemented with 10% FBS, penicillin (200 U/mL)-streptomycin (200 μg/mL), 500 μg/mL G418 

and 30 μg/mL hygromycin B Gold. Four weeks later, clones were sub-cultured and propagated in 25 

cm² flasks and their genotype was characterized as described above. 

The following clones were kept for knockout validation by western blot and further study: mx1-/- EC-

Mx1a-C8 and -C13; mx3-/- EC-Mx3a-C12 and -C18, mx1-/- mx2ab-/- EC-Mx12-C7 and -C16, mx1-/- 

mx3-/- EC-Mx1a+3a-C15, mx1-/- mx2ab-/- mx3-/- EC-Mx12-C7-C7, EC-Mx12-C16-C18 and EC-

Mx12+3a-C21. Of note, EC-Mx12-C7-C7 and EC-Mx12-C16-C18 were developed by transfecting 

EC-Mx12-C7 and EC-Mx12-C16 with sgRNA-Mx3a previously obtained and blindly screening 

manually isolated clones. An mGFP-deficient WT clone, EC-Mx12-C6, presenting no mutation for 

mx1, mx2 or mx3, was also kept as an additional control. The mutated sequences and corresponding 

chromatograms are available in as supplementary material. 

2. 3. Plasmid constructions 

The Chinook salmon mx open reading frame (ORF) sequences were identified in silico using NCBI 

Reference Otsh_v2.0 Primary Assembly and the following predicted transcripts were used for 

molecular cloning: XM_024415949.2 for mx1 (LOC112247236), XM_042295559.1 for mx2a 

(LOC112247237), XM_042295553.1 for mx2b (LOC121839060), XM_024415946.2 for mx3 

(LOC112247235). 

Total RNA from 1.5 x 106 EC cells stimulated for 48h with Salmo salar ssIFNA2 supernatant diluted 

to 1:10 in L-15+2% FBS+P/S or left untreated in triplicates was extracted using the QiaShredder and 

RNeasy mini kits (Qiagen) according to the manufacturer’s instructions. RNA (1 µg) was used as 

template for reverse transcription and generation of cDNA using the QuantiTect Reverse 

Transcription kit (Qiagen) with random primers. 

The cDNA was diluted two-fold with RNase-free water, triplicates were pooled and used as template 

to amplify the CDS sequences of mx1, mx2ab and mx3. Nested PCR amplifications were performed 

using Q5 2X High-Fidelity mastermix (New England Biolabs) and 2 sets of specific primers 
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according to the manufacturer’s instructions: for the first PCR round, OtMx1-R0-F/ OtMx1-R0-R, 

OtMx2-R0-F/OtMx2-R0-R and OtMx3-R0-F/OtMx3-R0-R were used to amplify mx1, mx2ab and 

mx3, respectively; for the second PCR round, OtMx1-P2A-F/OtMx13-HindIII-R, OtMx2-P2A-

F/OtMx2-HindIII-R and OtMx3-P2A-F/OtMx13-HindIII-R were used to amplify mx1, mx2ab and 

mx3 (Table X). The PCR cycling programs were performed in a thermal cycler (Eppendorf) and were 

as follows: 98°C for 30 sec followed by 40 cycles of 98°C for 10 s, 65°C for 10 sec (1st round) or 

60°C for 15 sec (2nd round), 72°C for 90 sec (1st round) or 75 sec (2nd round), and a final extension 

of 72°C for 2 min. DNA fragments of interest were excised from agarose gel and purified with 

NucleoSpin Gel and PCR Clean-up Mini kit (Macherey-Nagel). Purified PCR products were digested 

with HindIII enzymes (Thermofisher), cloned into HindIII/EcoRV-digested pcDNA3.1-Pur-BFP 

vectors using T4 DNA ligase (New England Biolabs) according to the manufacturer’s instructions 

and fully sequenced. It should be noted that only mx2a (LOC112247237) was amplified by PCR, 

although the primers were designed for both mx3a and mx2b, suggesting that mx2b is not expressed 

or not induced following IFNA2 stimulation in EC cells. All plasmids were produced in Stellar™ 

Competent Cells (Takara) and were purified using NucleoBond Xtra Maxi EF (Macherey-Nagel) 

according to the manufacturer's instructions. 

2. 4. Transfections 

Transfections were performed by electroporation using the Neon™ Transfection System (Invitrogen) 

as described in Results 1. Briefly, the cells were washed in DPBS (Sigma-Aldrich), detached by 

trypsin-EDTA action, resuspended in L-15+10% FBS+P/S and centrifuged at 400 g for 5 min. The 

cell pellet was drained, resuspended in L-15 without Phenol Red (Gibco), centrifuged at 13 000g for 

30 sec, and resuspended again in L-15 without Phenol Red. The cell concentration was adjusted to 

2 x 107 cells/mL. The cell suspension was mixed with mx1-, mx2 or mx3-rescue plasmids to reach a 

final concentration of 0.5 µg/1x105 cells/10 µL of transfection reaction. A fluorescent vector 

(pcDNA3.1-Hyg-RFP-KDEL) was added to verify transfection efficiency between each condition. 

Transfections were carried out in an electroporator MPK5000 (Neon™ Transfection System, 

Invitrogen) using either the 100 μL transfection kit (Neon™ Transfection System, Invitrogen) set to 

two pulses for 20 ms at 1300 V. All transfected cells were mixed in L-15+10% FBS+P/S, split into 

plates and incubated at 20°C for 48h. 

2. 5. Immunoblotting 

mx-/- clones and the WT EC cell line were seeded into 6-well plates at a density of 1.2 x 106 cells/well 

in L-15+2% FBS+P/S and incubated at 20°C overnight. The next day, cells were stimulated in 

triplicates with Salmo salar IFNA2 supernatant diluted to 1:10 in L-15+2% FBS+P/S or left untreated 
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and incubated at 20°C. At 72h post-stimulation, medium was removed, cells were washed once with 

ice-cold DPBS, scraped in 1 mL ice-cold DPBS supplemented with 2.5 mM EDTA and centrifuged 

at 1500 g at 4°C for 5 min. The cell pellets were drained, resuspended in 100 µL NP-40 lysis buffer 

(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% NP40, 1 mM DTT, 10% glycerol, 

cOmplete™ protease inhibitor (Merck)) and lysed for 45 min at 4°C under gentle shaking. The cell 

lysates were clarified by centrifugation at 5000 g at 4°C for 5 min and stored at -80°C until use. 

Aliquots of 60 μL of cell lysates were mixed with 30 μL Laemmli buffer (45 mM Tris, 345 mM 

glycine, 38% glycerol, 4.8% SDS, 20% β-mercaptoethanol, 0.04% bromophenol blue) and incubated 

at 100°C for 5 min. A volume of 8 µL of cell lysates was loaded onto 10% polyacrylamide gels and 

protein samples were separated by electrophoresis in Tris-glycine buffer (25 mM Tris, 192 mM 

glycine, pH 8,3). Proteins were then transferred onto a nitrocellulose membrane (BioRad) using the 

mixed molecular weight program from the Trans-Blot® Turbo™ Transfer System (BioRad). The 

blots were blocked with 5% non-fat milk in TBST (10 mM Tris pH 7.4, 150 mM NaCl, 0.1% Tween 

20) for 1h at room temperature and then incubated with rabbit anti-Mx123 antiserum (1:2000, 

TBST+5% non-fat milk) overnight at 4°C. Rabbit anti-Mx123 antibody was a generous gift from Dr. 

Marta Alonso-Hearn (Department of Animal Health, NEIKER-Basque Institute for Agricultural 

Research and Development, Basque Research and Technology Alliance, Derio, Spain) and Pr. Jorunn 

Jorgensen (UiT The Arctic University of Norway, Tromsø, Norway). The blots were washed 5 times 

in TBST, incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit (1:4000) secondary 

antibodies (SeraCare), washed 4 times in TBST and once in PBS. Western blots were developed using 

ClarityTM Western ECL substrate (BioRad) and detected using ChemiDoc Touch Imaging System 

(BioRad). After the first detection, the membrane was washed twice with TBST, stripped for 15 min 

at 37°C using Restore™ Plus buffer (Thermo Scientific), washed twice in TBST, saturated with 

TBST-5% non-fat milk for 1h and re-probed with mouse monoclonal anti-α-tubulin antibody (1:3000, 

TBST+5% non-fat milk, T9026, Sigma Aldrich) for 2.5h-3h and developed as described above. 

2. 6. rVHSV-Tomato fluorescence monitoring 

The replication of rVHSV-Tomato in infected cell lines was monitored by sequential fluorescence 

measurement. WT EC, mx1-/- mx2-/- mx3-/- EC-Mx12-C7-Mx3a-C7, EC-Mx12-C16-Mx3a-C18 and 

EC-Mx12+3a-C21 cells were seeded in 96-well plates to a final density of 5 x 104 cells/well in L-

15+2% heat-inactivated FBS+P/S and incubated overnight at 20°C. The next day, the medium was 

removed and the cells were infected in octuplicates with 100 µL of rVHSV-Tomato diluted in L-15 

without Phenol Red (Gibco)+2% heat-inactivated FBS+P/S to reach MOI 0.1, 1 or 10 or left 

uninfected. At 24, 32, 48, 56, 72, 80 and 96h post-infection, the tomato red fluorescence was 
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measured using a fluorometer (Tecan Infinite M200PRO) with excitation and emission wavelengths 

of 548 and 593 nm, respectively. The fluorescence values were corrected by subtracting the mean 

values obtained from the non-infected wells. 

3. Results 

3. 1. Mx1-3 are expressed in EC cells following IFNA2 stimulation 

The expression of mx1-3 genes was examined in EC cells following IFNA2 stimulation for 30h using 

RNA-Seq data from Dehler et al. 136. In this study, reads were mapped onto rainbow trout genome 

(NCBI RefSeq assembly GCF_002163495.1, Omyk_1.0) so rainbow trout orthologs of Chinook 

salmon mx1-3 were used to search the data (Figure 48A). It appeared that mx1, mx2 and mx3 were 

all induced following IFNA2 stimulation, mx3 being the one with the highest fold change (Figure 

48B). 

 

Figure 48: mx1-3 genes are induced in EC cells following IFNA2 stimulation. 

(A) mx1-3 genes in rainbow trout (O. mykiss) and the corresponding orthologs in Chinook salmon (O. tshawytscha) based 

on the nomenclature from Wang et al. 14. (B) Expression fold change of mx1-3 genes in EC cells stimulated with IFNA2 

for 30h, retrieved by searching RNA-Seq data from Dehler et al. 136. (C) EC cells were stimulated with S. salar IFNA2 

supernatant for (24-72h) left untreated (Ctrl). Negative and positive controls are EC cells transfected with pcDNA3.1-

Pur-BFP or plasmids encoding mx1, mx2 or mx3, respectively. Cell lysates were separated by SDS-PAGE and 

immunoblotted with antibodies against O. mykiss Mx1-3 and α-tubulin (α-tub). (D) Densitometric quantification of (C). 

Mx signal intensity normalized to α-tubulin signal intensity. Bars show means ± SD from 3 pooled independent 

experiments (n=1 or n=3 for each experiment); ns, non-significant, ***, p < 0.001, ****, p < 0.0001, ordinary one-way 

ANOVA with Tukey’s post-hoc multiple comparison tests. 

The expression profile of Mx1-3 proteins was characterized by western blot in EC cells stimulated 

with recombinant Salmo salar IFNA2 supernatant (Figure 48C,D). Detection of Mx1-3 proteins was 

O. mykiss O. tshawytscha

Mx1 LOC110494493 LOC112247235

Mx2 LOC110494492
LOC112247237

LOC121839060

Mx3 LOC100335041 LOC112247236

8,08E-81

6,84E-06 1,88E-04

0

5

10

15

20

25

30

35

OmMx3 OmMx2 OmMx1

F
o

ld
 c

h
a

n
g

e
 r

e
la

ti
v
e

 t
o

 
c

o
n

tr
o

l
FC EC Ctrl vs. IFNA2

A B

Mx1

EC transf. 

BFP Mx2 Mx3

Mx

α-tub

24

EC stim. IFNA2

Ctrl 48 72h

C

Crtl 24h 48h 72h

0.0

0.2

0.4

0.6

0.8

1.0

M
x

/t
u

b
 i

n
te

n
s

it
y

 r
a

ti
o

ns

✱✱✱

✱✱✱✱

D



 Supplementary material – Appendix 3  

310 

performed using a custom-made rabbit polyclonal antibody raised against a 115-aa polypeptide from 

O. mykiss Mx3 649. Importantly, the fragment is located in a highly conserved region of Mx1-3 

proteins and differs by only 2 aa from Mx1 and by 9 aa from Mx2; in addition, it was reported to 

detect all three O. mykiss Mx1-3 proteins 649. Similarly, recombinant Mx1-3 proteins expressed in EC 

cells were detected by western blot, as shown in Figure 48C. The expression of endogenous Mx 

proteins was also significantly induced in IFNA2-stimulated cells at 48h and 72h post-stimulation. 

Interestingly, it seems that Mx3 is primarily detected in these cells, which is consistent with mx3 

transcript expression fold change from the RNA-Seq data. 

Taken together, these data confirm the ISG status of mx1-3 genes in EC cells and support the use of 

this cell line for the development of mx-/- cell lines. 

3. 2. Genotyping of EC-Mx clones 

We developed single, double or triple mx KO cell lines, by disrupting mx1 (LOC112247236), mx2ab 

(LOC112247237, LOC121839060) and/or mx3 (LOC112247235) genes in EC cells, using 

CRISPR/Cas9 technology (Table IX). 

The following clones were kept for further study: mx1-/- EC-Mx1a-C8 and EC-Mx1a-C13, both 

presenting a 1-nt insertion (48_49insA) in at the targeted cut site in mx1 resulting in a frameshift and 

the introduction of a premature stop codon at position 63 (N17fsX63); mx3-/- EC-Mx3a-C12 and EC-

Mx3a-C18, presenting a 1-nt insertion (48_49insA, N17fsX94) and a 2-nt deletion in mx3 

(49_50delAT, R17fsX93), respectively, respectively; mx1-/- mx2ab-/- EC-Mx12-C7, presenting a 1-nt 

deletion in mx1 (75delC, A27fsX28) and a 1-nt deletion in mx2ab (75delC, A27fsX28); mx1-/- mx2ab-

/- EC-Mx12-C16, presenting a 5-nt deletion in mx1 (71_75delGCTCC, P24fsX61) and a heterozygous 

1-nt/10-nt deletion in mx2ab (75delC, A27fsX28 / 67_76delCTACGCTCCC, A24fsX25); mx1-/- mx3-

/- EC-Mx1a+3a-C15, presenting a 1-nt insertion in mx1 (48_49insA, N17fsX63) and a heterozygous 

indel in mx3 (49_50delAT, R17fsX93 / 48_49insA, N17fsX94); mx1-/- mx2ab-/- mx3-/- EC-Mx12+3a-

C21, presenting a 1-nt deletion in mx1 (75delC, A27fsX28), a heterozygous indel in mx2ab 

(72_76delCTCCC, P24fsX92 / 74_75insCA H25fsX29) and a 1-nt insertion in mx3 (48_49insA, 

N17fsX94). Two additional mx1-/- mx2ab-/- mx3-/- cell lines were also developed, using mx1-/- mx2ab-

/- EC-Mx12-C7 and EC-Mx12-C16 as parental cell lines, respectively: EC-Mx12-C7-Mx3a-C7 and 

EC-Mx12-C16-Mx3a-C18, presenting the same genotype as EC-Mx12-C7 or -C16 for mx1 and 

mx2ab, respectively, as well as a 2-nt deletion (49_50delAT, R17fsX93) in mx3. One last clone, 

named EC-Mx12-C6, exhibiting no mutation for mx1, mx2 or mx3, was also kept as an additional WT 

control. 
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Table IX: Genotypes of EC-Mx clones isolated and characterized in this study. 

The mutated sequences and corresponding chromatograms are available in as supplementary material. 

Type Cell line Clone Indel 

Mx1 Mx2ab Mx3 

WT WT EC-Mx12-C6 WT WT WT 

S
in

g
le

 m
u

ta
n

ts
 

EC-Mx1 EC-Mx1a-C8 +1 

48_49insA 

N17fsX63 

WT WT 

EC-Mx1a-C13 +1 

48_49insA 

N17fsX63 

WT WT 

EC-Mx3 EC-Mx3a-C12 WT WT +1 

48_49insA 

N17fsX94 

EC-Mx3a-C18 WT WT -2 

49_50delAT 

R17fsX93 

D
o

u
b

le
 m

u
ta

n
ts

 

EC-Mx12 EC-Mx12-C7 -1 

75delC 

A27fsX28 

-1 

75delC 

A27fsX28 

WT 

EC-Mx12-C16 -5 

71_75delGCTC

C 

P24fsX61 

-1/-10 

75delC 

67_76delCTACGCTCC

C 

A27fsX28 

A24fsX25 

WT 

EC-Mx13 EC-Mx1a+3a-C15 +1 

48_49insA 

N17fsX63 

WT -2/+1 

49_50delAT 

48_49insA 

R17fsX93 

N17fsX94 

T
ri

p
le

 m
u

ta
n

ts
 

EC-Mx123 EC-Mx12-C7-Mx3a-C7 -1 

75delC 

A27fsX28 

-1 

75delC 

A27fsX28 

-2 

49_50delAT 

R17fsX93 

EC-Mx12-C16-Mx3a-C18 -5 

71_75delGCTC

C 

P24fsX61 

-1/-10 

75delC 

67_76delCTACGCTCC

C 

A27fsX28 

A24fsX25 

-2 

49_50delAT 

R17fsX93 

EC-Mx12+3a-C21 -1 

75delC 

A27fsX28 

-5/+2 

72_76delCTCCC 

74_75insCA 

P24fsX92 

H25fsX29 

+1 

48_49insA 

N17fsX94 

3. 3. Validation of Mx1, Mx2 and Mx3 expression disruption by western blot 

Previous experiments (Figure 48) showed that IFNA2 was a fast and potent inducer of Mx in EC 

cells. The expression status of Mx in each mx-/- clone was therefore assessed by western blot using 

recombinant Salmo salar IFNA2 supernatant as an inducer. Our results indicate that a band the size 

of Mx3 was strongly expressed in WT EC cells, as well as in mx1-/- EC-Mx1a-C13, mx1-/- mx2ab-/- 

EC-Mx12-C7 and -C16, to a lesser extent. A band corresponding to Mx1 was detected in mx3-/- cell 

lines, while a band the size of Mx2 was expressed in mx1-/- mx3-/- EC-Mx1a+3a-C15 cells. No 

expression of Mx1-3 was detected in mx1-/- mx2ab-/- mx3-/- cells (Figure 49). These results suggest 

the existence of compensatory expression patterns of the mx genes, with the following expression 

order: Mx3 > Mx1 > Mx2. 
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Figure 49: Development and validation of mx-/- cell lines 

EC and EC-Mx clones were stimulated with S. salar IFNA2 supernatant for 72h; positive and negative controls are EC 

cells transfected with pcDNA3.1-Pur-BFP or pcDNA3.1-Pur-BFP-P2A-Mx1, -Mx2 and -Mx3, respectively. Cell lysates 

were separated by SDS-PAGE and immunoblotted with antibodies against Mx and α-tubulin (α-tub). 

3. 4. Preliminary tests suggest that triple Mx mutants are more permissive to rVHSV-Tomato 

infection 

The antiviral role of endogenous Mx against VHSV was investigated by monitoring the replication 

of rVHSV-Tomato. This recombinant virus contains an tdTomato-encoding expression cassette  

inserted in its genome 650. The tdTomato protein is only expressed during its replication cycle and the 

tdTomato fluorescence can be used as a non-invasive marker of viral replication. The fluorescence 

intensity was sequentially measured in WT EC cells and in three mx1-/- mx2ab-/- mx3-/- clones from 

24h to 96h post-infection. The fluorescence signal was higher in mx-/- cell lines compared to WT EC 

cells, particularly at MOI 1 and MOI 0.1, suggesting that the triple mx knockout favored the 

replication of rVHSV-Tomato (Figure 50). 

 

Figure 50: rVHSV-Tomato replicates better in mx1-/- mx2-/- mx3-/- cell lines than WT EC cell line 

EC (WT), EC-Mx12+3a-C21, EC-Mx12-C7-Mx3-C7 and EC-Mx12-C16-Mx3-C18 (mx1-/- mx2-/- mx3-/-) cells were 

infected with rVHSV-Tomato at (A) MOI 10, (B) MOI 1 or (C) MOI 0.1 and fluorescence was measured at different time 

points post-infection. Graphs show means ± SD from one experiment (n=8). 

EC
Mx12

-C6
Mx1
-C8

Mx1
-C13

Mx3
-C12

Mx3
-C18

Mx12
-C7

Mx12
-C16

Mx13
-C15

Mx12-
C7

Mx3
-C7

Mx12
-C16
Mx3
-C18

Mx123
-C21

EC transf.

BFP Mx1 Mx2 Mx3

Controls WT
Single 

mutants
Triple 

mutants
Double 

mutants

EC
Mx12

-C6
Mx1
-C8

Mx1
-C13

Mx3
-C12

Mx3
-C18

Mx12-
C7

Mx12
-C16

Mx13
-C15

Mx12-
C7

Mx3
-C7

Mx12
-C16
Mx3
-C18

Mx123
-C21

EC transf.

BFP Mx1 Mx2 Mx3

Controls WT
Single 

mutants
Triple 

mutants
Double 

mutants

Mx

α-tub

Non-stimulated IFN-treated

20 40 60 80 100

0

5000

10000

15000

MOI 10

Hpi

F
lu

o
re

s
c

e
n

c
e

 (
a

.u
.)

20 40 60 80 100

0

5000

10000

15000

MOI 1

Hpi

20 40 60 80 100

0

5000

10000

15000

MOI 0.1

Hpi

EC

EC-Mx12+3-C21

EC-Mx12-C7-Mx3-C7

EC-Mx12-C16-Mx3-C18

BA C



 Supplementary material – Appendix 3  

313 

4. Conclusion and perspectives 

During my thesis, I was able to develop all the tools needed to study the role of 3 Mx genes using 

overexpression and knockout approaches. The next step will be to functionally characterize these cell 

lines, in particular their permissivity to various viral infections. The single, double or triple mx KO 

cell lines are also a good tool for studying in detail the additive and/or complementary effects of 

different paralogous genes. 

5. Supplementary data 

Table X: Primers used in this study 

Green boxes indicate sgRNAs that gave rise to mutated bulks while orange boxes indicate the ones that failed and were 

not further used. 

Primer name Sequence (5’→3’) Source or 
reference 

Specificities Worked ? 

sgRNA: 

sgRNA-mEGFP-S TCCTAATACGACTCACTATAGGCGAGGGCG

ATGCCACCTAGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

555 T7 promoter 

sgRNA target 

Scaffold 

Yes 

sgRNA-mEGFP-
AS 

AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACTAGGTGGCAT

CGCCCTCGCCTATAGTGAGTCGTATTAGGA 

555 T7 promoter 

sgRNA target 

Scaffold 

Yes 

sgRNA-Mx1a-S TCCTAATACGACTCACTATAGAGTCGATGA

GGTCGATACAGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247236 T7 promoter 

sgRNA target 

Scaffold 

Yes 

sgRNA-Mx1a-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACTGTATCGACC

TCATCGACTCTATAGTGAGTCGTATTAGGA 

LOC112247236 T7 promoter 

sgRNA target 

Scaffold  

Yes 

sgRNA-Mx1b-S TCCTAATACGACTCACTATATTCGGGGAAG

AGCTCCGTGTGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247236 T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx1b-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACACACGGAGCT

CTTCCCCGAATATAGTGAGTCGTATTAGGA 

LOC112247236 T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx2d-S TCCTAATACGACTCACTATATGGCTTTGCC

AAGTTGTCGGGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold  

No 

sgRNA-Mx2d-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACCCGACAACTT

GGCAAAGCCATATAGTGAGTCGTATTAGGA 

LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx2e-S TCCTAATACGACTCACTATATTCGGGAAAG

AGCTCCGTGCGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx2e-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACGCACGGAGCT

CTTTCCCGAATATAGTGAGTCGTATTAGGA 

LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold  

No 

sgRNA-Mx3a-S TCCTAATACGACTCACTATAGAGTCGATAA

GGTCTATACAGTTTTAGAGCTAGAAATAGC

LOC112247235 T7 promoter 

sgRNA target 

Yes 
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AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

Scaffold 

sgRNA-Mx3a-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACTGTATAGACC

TTATCGACTCTATAGTGAGTCGTATTAGGA 

LOC112247235 T7 promoter 

sgRNA target 

Scaffold  

Yes 

sgRNA-Mx3b-S TCCTAATACGACTCACTATATTCGGGAAAG

AGCTCGGTGCGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247235 T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx3b-AS TCCTAATACGACTCACTATATTCGGGAAAG

AGCTCGGTGCGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247235 T7 promoter 

sgRNA target 

Scaffold  

No 

sgRNA-Mx12-S TCCTAATACGACTCACTATAATCGACTCTC

TACGCTCCCTGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247236 
LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold 

Yes 

sgRNA-Mx12-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACAGGGAGCGTA

GAGAGTCGATTATAGTGAGTCGTATTAGGA 

LOC112247236 
LOC112247237 
LOC121839060 

T7 promoter 

sgRNA target 

Scaffold  

Yes 

sgRNA-Mx123-S TCCTAATACGACTCACTATATCGCCGTGAT

AGGGGACCAGGTTTTAGAGCTAGAAATAGC

AAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

LOC112247236 
LOC112247237 
LOC121839060 
LOC112247235 

T7 promoter 

sgRNA target 

Scaffold 

No 

sgRNA-Mx123-AS AAAAGCACCGACTCGGTGCCACTTTTTCAA

GTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACCTGGTCCCCT

ATCACGGCGATATAGTGAGTCGTATTAGGA 

LOC112247236 
LOC112247237 
LOC121839060 
LOC112247235 

T7 promoter 

sgRNA target 

Scaffold  

No 

Plasmid constructs: 

OtMx1-R0-F ATCCAGCTTCAGCACTAACTTTC LOC112247236 
XM_024415949.2 

 

OtMx1-R0-R AGACTAGCTGCTTGCGTTC 

OtMx2-R0-F GATCTTGTACAGCCAGTAGTCAG LOC112247237 
XM_042295559.1 
LOC121839060 
XM_042295553.1 

 

OtMx2-R0-R CAAACCCCAATGCCTACTTC 

OtMx3-R0-F ACGTAAAATCTCCTGTATCGGAGA LOC112247235 
XM_024415946.2 

 

OtMx3-R0-R GACCAATCCATCTGGCATTAGTC 

OtMx1-P2A-F GGAAGCGGAGCTACTAACTTCAGCCTGCTG

AAGCAGGCTGGAGACGTGGAGGAGAACCCT

GGACCTATGAATAATACGCTGAACCAACAT

TAC 

LOC112247236 
XM_024415949.2 

P2A 

OtMx13-HindIII-R CTGCTGCTGAAGCTTCTAGAACTCCAC

TAGGTAGCTG 

HindIII 

OtMx2-P2A-F GGAAGCGGAGCTACTAACTTCAGCCTG

CTGAAGCAGGCTGGAGACGTGGAGGAG

AACCCTGGACCTATGAATTATACGCTG

AACCAACATTATG 

LOC112247237 
XM_042295559.1 
LOC121839060 
XM_042295553.1 

P2A 

OtMx2-HindIII-R CTGCTGCTGAAGCTTCTAGAACTCCAC

TAGATAGTTGCG 

HindIII 

OtMx3-P2A-F GGAAGCGGAGCTACTAACTTCAGCCTG

CTGAAGCAGGCTGGAGACGTGGAGGAG

AACCCTGGACCTATGAATAACACTCTA

AACCAACATTATGAG 

LOC112247235 
XM_024415946.2 

P2A 

Genotyping: 

Mx1-gen-F CCCAGGAATGATACTCCCTCCG LOC112247236  

Mx1-gen-R CCGCTACCCCTTGGCAAAGCCAC LOC112247236  

Mx2ab-gen-F ATCGCAAATCATGAATTATACGC LOC112247237 
LOC121839060 

 

Mx2ab-gen-R ACAGACACTGTGAACACTATAAAC LOC112247237 
LOC121839060 

 

Mx3-gen-F ACCGCTTAAGATTCGATTCCCA LOC112247235  

Mx3-gen-R TGCATATAAAATGGGTGAACTTCCT LOC112247235  
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Figure 51: Sequence alignment of the first coding exon from mx1 (LOC112247236), mx2a (LOC112247237), mx2b 

(LOC121839060) and mx3 (LOC112247235) 

The location of each sgRNA presented in Table I is highlighted in a specific color.

LOC112247236_Otmx1-exon1   atgaataatacgctgaaccaacattacgaagagaaggtgcggccctgtatcgacctcatc 

LOC112247237_Otmx2a-exon1  atgaattatacgctgaaccaacattatgaggagaaggtgcgtcctagtattgacctcatc 

LOC121839060-Otmx2b-exon1  atgaattatacgctgaaccaacattatgaggagaaggtgcgtcctagtattgacctcatc 

LOC112247235_Otmx3-exon1   atgaataacactctaaaccaacattatgaggagaaggtgcgtccctgtatagaccttatc 

                         ****** *.** **.***********.**.*********** **. **** *****.*** 

                                                                        #####sgRNA-Mx1a 

                                                                        #####sgRNA-Mx2c 

                                                                                    ### 

                                                                        #####sgRNA-Mx3a 
 

LOC112247236_Otmx1-exon1   gactctctacgctcccttggtgtggagaaggaccttgccctgccagccatcgccgtgata 

LOC112247237_Otmx2a-exon1  gactctctacgctcccttggcgtagagaaggaccttgccctgcctgccatcgccgtgata 

LOC121839060-Otmx2b-exon1  gactctctacgctcccttggcgtagagaaggaccttgccctgcctgccatcgccgtgata 

LOC112247235_Otmx3-exon1   gactccctgcgctcccttggcgtagagaaggaccttgcgctgcctgccatcgccgtgata 

                           *****.**.***********.**.************** ***** *************** 

                           #####                                            sgRNA-Mx123 

                           ##### 

                           ##### 

                           ##sgRNA-Mx12##### 
 

LOC112247236_Otmx1-exon1   ggggaccagagttcggggaagagctccgtgttggaggcgctgtctggggtggctttgcca 

LOC112247237_Otmx2a-exon1  ggggaccagagttcgggaaagagctccgtgctggaggcgctgtctggggtggctttgcca 

LOC121839060-Otmx2b-exon1  ggggaccagagttcgggaaagagctccgtgctggaggcgctgtctggggtggctttgcca 

LOC112247235_Otmx3-exon1   ggggaccagagttcgggaaagagctcggtgctggaggcgctgtctggggtggctttgcca 

                           *****************.******** ***.***************************** 

                           #########  #####sgRNA-Mx1b##### 

                                      #####sgRNA-Mx2e#####                  #sgRNA-Mx2d 

                                      #####sgRNA-Mx3b##### 

 

                                       
 

LOC112247236_Otmx1-exon1   ag------gggtagcg 

LOC112247237_Otmx2a-exon1  agttgtcgggggagtg 

LOC121839060-Otmx2b-exon1  ag------ggggagtg 

LOC112247235_Otmx3-exon1   ag------ggggagtg 

                           **      *** **.* 

                           ######## 
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A. 
EC-WT-mx1              ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 118 

EC-Mx12-C6-mx1         ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 118 

EC-Mx1-C8-mx1          ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGTAATCGACCTCATCGACTCTCTACGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCAGCCATCGCCGTGA(…) 119 

EC-Mx1-C13-mx1         ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGTAATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 119 

EC-Mx3-C12-mx1         ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 119 

EC-Mx3-C18-mx1         ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 118 

EC-Mx12-C7-mx1         ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTC-CTTGGCGTAGAGAAGGACCTTGCGCTGCCAGCCATCGCCGTGA(…) 117 

EC-Mx12-C16-mx1        ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTAC-----CTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 113 

EC-Mx13-C15-mx1        ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGTAATCGACCTCATCGACTCTCTACGCTCCCTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 119 

EC-Mx123-C7-mx1        ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTAC-GCTCCTTGGCGTAGAGAAGGACCTTGCGCTGCCAGCCATCGCCGTGA(…) 117 

EC-Mx123-C18-mx1       ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTAC-----CTTGGTGTGGAGAAGGACCTTGCCCTGCCAGCCATCGCCGTGA(…) 113 

EC-Mx123-C21-mx1       ATGAATAATACGCTGAACCAACATTACGAAGAGAAGGTGCGGCCCTGT-ATCGACCTCATCGACTCTCTACGCTC-CTTGGCGTAGAGAAGGACCTTGCGCTGCCAGCCATCGCCGTGA(…) 117 

                       ************************************************ **********************     ***** ** ************** ******************** 

                                                                    ######sgRNA-Mx1a##### 

                                                                                 #####sgRNA-Mx12##### 

 

EC-WT-mx2             ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx12-C6-mx2        ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx1-C8-mx2         ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx1-C13-mx2        ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx3-C12-mx2        ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx3-C18-mx2        ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx12-C7-mx2        ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC---CTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 117 

EC-Mx12-C16-mx2-hpt1  ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC---CTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 98 

EC-Mx12-C16-mx2-hpt2  ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCT------------TTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 89 

EC-Mx13-C15-mx2       ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC--CCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 118 

EC-Mx123-C7-mx2       ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC---CTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 117 

EC-Mx123-C18-mx2-hpt1 ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGCTC---CTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 98 

EC-Mx123-C18-mx2-hpt2 ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCT------------TTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 89 

EC-Mx123-C21-mx2-hpt1 ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACC-------TTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 94 

EC-Mx123-C21-mx2-hpt2 ATGAATTATACGCTGAACCAACATTATGAGGAGAAGGTGCGTCCTAGTATTGACCTCATCGACTCTCTACGTCACACCTTGGCGTAGAGAAGGACCTTGCCCTGCCTGCCATCGCCGTGA(…) 101 

                      ******************************************************************            ****************************************** 

                                                                               ######sgRNA-Mx12###### 

 

EC-WT-mx3             ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx12-C6-mx3        ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx1-C8-mx3         ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx1-C13-mx3        ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx3-C12-mx3        ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGTAATAGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 120 

EC-Mx3-C18-mx3        ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT---AGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 117 

EC-Mx12-C7-mx3        ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx12-C16-mx3       ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT-ATAGACCTTATCGACTCCCTGCGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 119 

EC-Mx13-C15-mx3-hpt1  ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT---AGACCTTATCGACTCCCTGCGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 117 

EC-Mx13-C15-mx3-hpt2  ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGTAATAGACCTTATCGACTCCCTGCGCTCCCTTGGCGTAGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 120 

EC-Mx123-C7-mx3       ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT---AGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 117 

EC-Mx123-C18-mx3      ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGT---AGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 117 

EC-Mx123-C21-mx3      ATGAATAACACTCTAAACCAACATTATGAGGAGAAGGTGCGTCCCTGTAATAGACCTTATCGACTCCCTGCGCTCCCTTGGTGTGGAGAAGGACCTTGCGCTGCCTGCCATCGCCGTGAT(…) 120 

                      **********************************************    ******************************* ** *********************************** 

                                                                   ###sgRNA-Mx3a######## 
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Figure 52: Genotype of EC cells (WT) and EC-Mx clones obtained from sequencing of purified PCR products amplified from genomic DNA from each cell line (A) and corresponding 

protein sequences (B) 

(A) The locations of the sgRNA-Mx1a, sgRNA-Mx12 and sgRNA-Mx3a are highlighted in pink, blue and green, respectively; the protospacer adjacent motif is in light grey, the start codon is 

highlighted red and indels in mutated sequences are in red highlighted in yellow. (B) The first amino acids affected by a frameshift are in black and the premature end of the polypeptides are 

represented by a purple star. 

B. 
EC-WT-mx1              MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx12-C6-mx1         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx1-C8-mx1          MNNTLNQHYEEKVRPCNRPHRLSTLPWRREGPCAASHRRDRGPEFGEELRVGGAVWGGFAKG* 

EC-Mx1-C13-mx1         MNNTLNQHYEEKVRPCNRPHRLSTLPWCGEGPCPASHRRDRGPEFGEELRVGGAVWGGFAKG* 

EC-Mx3-C12-mx1         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx3-C18-mx1         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx12-C7-mx1         MNNTLNQHYEEKVRPCIDLIDSLRSLA* 

EC-Mx12-C16-mx1        MNNTLNQHYEEKVRPCIDLIDSLP--WCGEGPCPASHRRDRGPEFGEELRVGGAVWGGFAKG* 

EC-Mx13-C15-mx1        MNNTLNQHYEEKVRPCNRPHRLSTLPWCGEGPCPASHRRDRGPEFGEELRVGGAVWGGFAKG* 

EC-Mx123-C7-mx1        MNNTLNQHYEEKVRPCIDLIDSLRSLA* 

EC-Mx123-C18-mx1       MNNTLNQHYEEKVRPCIDLIDSLP--WCGEGPCPASHRRDRGPEFGEELRVGGAVWGGFAKG* 

EC-Mx123-C21-mx1       MNNTLNQHYEEKVRPCIDLIDSLRSLA* 

                       **************** 
 

EC-WT-mx2              MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx12-C6-mx2         MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx1-C8-mx2          MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx1-C13-mx2         MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx3-C12-mx2         MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx3-C18-mx2         MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx12-C7-mx2         MNYTLNQHYEEKVRPSIDLIDSLRSLA* 

EC-Mx12-C16-mx2-hpt1   MNYTLNQHYEEKVRPSIDLIDSLRSLA* 

EC-Mx12-C16-mx2-hpt2   MNYTLNQHYEEKVRPSIDLIDSL---A* 

EC-Mx13-C15-mx2        MNYTLNQHYEEKVRPSIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKKEGEEWHGKISYQDREEEIEDPSDVENKIRKAQD(…) 112 

EC-Mx123-C7-mx2        MNYTLNQHYEEKVRPSIDLIDSLRSLA* 

EC-Mx123-C18-mx2-hpt1  MNYTLNQHYEEKVRPSIDLIDSLRSLA* 

EC-Mx123-C18-mx2-hpt2  MNYTLNQHYEEKVRPSIDLIDSL---A* 

EC-Mx123-C21-mx2-hpt1  MNYTLNQHYEEKVRPSIDLIDSLPWRREGPCPACHRRDRGPEFGKELRAGGAVWGGFAKGEWYCNTMPPRAEDEKEERRRGMARKNQLPGP* 

EC-Mx123-C21-mx2-hpt2  MNYTLNQHYEEKVRPSIDLIDSLRHTLA* 

                       ***********************  
 

EC-WT-mx3              MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx12-C6-mx3         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx1-C8-mx3          MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx1-C13-mx3         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx3-C12-mx3         MNNTLNQHYEEKVRPCNRPYRLPALPWCGEGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx3-C18-mx3         MNNTLNQHYEEKVRPC-RPYRLPALPWCGEGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx12-C7-mx3         MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx12-C16-mx3        MNNTLNQHYEEKVRPCIDLIDSLRSLGVEKDLALPAIAVIGDQSSGKSSVLEALSGVALPRGSGIVTRCPLELKMKRKREGEEWHGKISYQDHEEEIEDPSDVEKKIREAQD(…) 112 

EC-Mx13-C15-mx3-hpt1   MNNTLNQHYEEKVRPC-RPYRLPALPWRREGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx13-C15-mx3-hpt2   MNNTLNQHYEEKVRPCNRPYRLPALPWRREGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx123-C7-mx3        MNNTLNQHYEEKVRPC-RPYRLPALPWCGEGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx123-C18-mx3       MNNTLNQHYEEKVRPC-RPYRLPALPWCGEGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

EC-Mx123-C21-mx3       MNNTLNQHYEEKVRPCNRPYRLPALPWCGEGPCAACHRRDRGPEFGKELGAGGAVWGGFAKGEWYCNTMPSRAEDEEEERRRRMAWKNQLPRP* 

                       **************** 
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A. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12-C6 Mx1-gen1-
F

WT

Mx1-gen1-
R

WT

Mx22bis-
gen-R

WT

Mx3-gen2-
F

WT

Mx3-gen2-
R

WT
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B. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx1a-C8 Mx1-gen1-
F

+1

Mx1-gen1-
R

+1

Mx22bis-
gen-R

WT

Mx3-gen2-
F

WT

+1

+1
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C. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx1a-C13 Mx1-gen1-
F

+1

Mx1-gen1-
R

+1

Mx22bis-
gen-R

WT

Mx3-gen2-
F

WT

+1

+1



 Supplementary material – Appendix 3  

321 

D. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx3a-C12 Mx1-gen1-
F

WT

Mx1-gen1-
R

WT

Mx22bis-
gen-R

WT

Mx3-gen2-
F

+1

Mx3-gen2-
R

+1

+1

+1
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E. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx3a-C18 Mx1-gen1-
F

WT

Mx1-gen1-
R

WT

Mx22bis-
gen-R

WT

Mx3-gen2-
F

-2

Mx3-gen2-
R

-2

-2

-2
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F. 

 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12-C7 Mx1-gen1-
F

-1

Mx1-gen1-
R

-1

Mx22bis-
gen-R

-1

Mx3-gen2-
F

WT

Mx3-gen2-
R

WT

-1

-1

-1
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G. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12-C16 Mx1-gen1-
F

-5

Mx1-gen1-
R

-5

Mx22bis-
gen-R

-1/-10

Mx3-gen2-
F

WT

Mx3-gen2-
R

WT

A G T C G A T G    A G   G T C A A T A C T A G   G G C G C A C C T     T

-5

-5

-1 -10
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H. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx1a+3a-
mi-C15

Mx1-gen1-
F

+1

Mx1-gen1-
R

+1

Mx22bis-
gen-R

WT

Mx3-gen2-
F

-2/+1

Mx3-gen2-
R

-2/+1

+1

+1

A  A T A G   A C   C T    T A T C G   A C T C   C C T G   C G   C T C   C C T    T-2
G G

+1

A T    T A C A G   G G A C G   C A C C T T C T C C T C A T A A T G   T T G   G

+1
-2

A G
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I. 

 
  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12-C7-
Mx3a-C7

Mx1-gen1-
F

-1

Mx1-gen1-
R

-1

Mx22bis-
gen-R

-1

Mx3-gen2-
F

-2

Mx3-gen2-
R

-2

-1

-1

-1

-2

-2
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J. 

 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12-C16-
Mx3a-C18

Mx1-gen1-
F

-5

Mx1-gen1-
R

-5

Mx22bis-
gen-R

-1/-10

Mx3-gen2-
F

-2

Mx3-gen2-
R

-2

-2

-2

-5

-5

A G T C G A T G    A G   G T C A A T A C T A G  G G C G C A C C T     T

-1 -10
G
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K. 

 

Figure 53: Alignment of chromatograms from EC-Mx clones with EC (WT) cell line 

Chromatograms showing edited and wild-type (control) sequences in the region around the sequence targeted by sgRNAs 

from (A) EC-Mx12-C6 (WT), (B) EC-Mx1a-C8 (mx1-/-), (C) EC-Mx1a-C13 (mx1-/-), (D) EC-Mx3a-C12 (mx3-/-), (E) EC-

Mx3a-C18 (mx3-/-), (F) EC-Mx12-C7 (mx1-/- mx2-/-), (G) EC-Mx12-C16 (mx1-/- mx2-/-), (H) EC-Mx1a+3a-C15 (mx1-/- 

mx3-/-), (I) EC-Mx12-C7-Mx3a-C7 (mx1-/- mx2-/- mx3-/-), (J) EC-Mx12-C16-Mx3a-C18 (mx1-/- mx2-/- mx3-/-), (K) EC-

Mx12+3a-C21 (mx1-/- mx2-/- mx3-/-) clones. The horizontal black line represents the guide sequence; the horizontal red 

dotted line corresponds to the PAM site; the vertical black dotted line represents the theoretical cut site. The red or purple 

boxes show the inserted or deleted nucleotides in each edited clone. Alignments were obtained using Synthego ICE 

Analysis tool. 

  

Clones Geno-
typing

Indel ICE deconvoluted sequences

EC-Mx12+3a-
C21

Mx1-gen1-
F

-1

Mx1-gen1-
R

-1

Mx22bis-
gen-R

-5/+2

Mx3-gen2-
F

+1

Mx3-gen2-
R

+1

G

+2

-1

-1

+1

+1

T G   G A G   C G   T A G  A G   A G    T C G   A T G   A G   G T C A A T A C T

G
-5
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Figure 54: Original full-length blots used in Figure 49 

Regions corresponding to the cropped images are surrounded by a dotted line. 
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Abstract 

The interferon-inducible double-stranded RNA-dependent protein kinase (PKR) is one of the key 

antiviral arms of the innate immune system. Upon binding of viral double stranded RNA, a viral 

Pattern Associated Molecular Pattern (PAMP), PKR gets activated and phosphorylates the eukaryotic 

initiation factor 2α (eIF2α) resulting in a protein shut-down that limits viral replication. Since its 

discovery in the mid-seventies, PKR has been shown to be involved in multiple important cellular 

processes including apoptosis, proinflammatory and innate immune responses. Viral subversion 

mechanisms of PKR underline its importance in the antiviral response of the host. PKR activation 

pathways and its mechanisms of action were previously identified and characterised mostly in 

mammalian models. However, fish Pkr and fish-specific paralogue Z-DNA-dependent protein kinase 

(Pkz) also play key role in antiviral defence. This review gives an update on the current knowledge 

on fish Pkr/Pkz, their conditions of activation and their implication in the immune responses to 

viruses, in comparison to their mammalian counterparts. 

Introduction 

In 1976, the research group of Ian M. Kerr at the National Institute for Medical Research, London, 

United Kingdom, discovered that lysates from interferon (IFN)-treated human and mouse cells 

displayed an enhanced protein kinase activity upon exposure to double-stranded RNA (dsRNA) 

(Roberts et al., 1976). This activity was attributed to a 68-kDa protein in human cells, which was 

shown to phosphorylate the α-subunit of the eukaryotic initiation factor 2 (eIF2), leading to the 

inhibition of protein synthesis (Content et al., 1975; Hovanessian, 1980; Laurent et al., 1985; Samuel, 

1979). Cloned in 1990 (Meurs et al., 1990), this protein, initially called p68 kinase, was later named 

dsRNA-dependent protein kinase (PKR) (Clemens et al., 1993). It is now also referred to as the 

eukaryotic translation initiation factor 2α (eIF2α) kinase 2 (EIF2AK2) by the HGNC-approved 

nomenclature. 

The human PKR comprises a C-terminal kinase domain, and a N-terminal regulatory region with two 

dsRNA binding motifs (dsRBMs) (VanOudenhove et al., 2009). Binding of dsRNA generated during 

viral infection to these dsRBMs triggers PKR activation via dimerisation and autophosphorylation 

(Meurs et al., 1990). Once activated, PKR exerts its antiviral function through several pathways, 

including inhibition of the cell translation machinery and activation of apoptosis. In addition, PKR 

plays a role in signal transduction of the proinflammatory response and the innate immune signalling 

pathways (García et al., 2006). Of note, a growing body of evidence suggests that PKR is also 

involved in the regulation of cell growth, proliferation and differentiation (Jagus et al., 1999; Samuel 

et al., 1997), although this function will not be further discussed in this review. 
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Several reviews focusing on PKR mechanisms of action have been published during the past 25 years 

(Cesaro and Michiels, 2021; Clemens and Elia, 1997; Cole, 2007; Gal-Ben-Ari et al., 2019; García et 

al., 2006). In this review, we first present the evolution of PKR and related eIF2α kinases; we then 

discuss its main antiviral functions, including PKR-mediated phosphorylation of eIF2α and activation 

of apoptosis, the role of PKR in transduction of inflammatory and IFN responses. Finally, we 

summarise the antiviral activity of PKR and its modulation during viral infections. 

Although PKR mechanisms of action have mainly been studied in mammalian models, this review 

aims to provide an analysis of the current knowledge on the implication of fish Pkr and fish-specific 

paralogue Z-DNA-dependent protein kinase (Pkz) in antiviral defences. In this regard, a systematic 

comparison of mammalian and fish PKR has been conducted of each antiviral function. 

1. Evolution of PKR and related eIF2α kinases 

1.1. eIF2α kinase family 

In response to various extrinsic and intrinsic stress stimuli (e.g. hypoxia, nutrient deprivation, 

endoplasmic reticulum (ER) stress, viral infection), eukaryotic cells activate a signalling pathway, 

termed integrated stress response (ISR), in order to restore cellular homeostasis (Cesaro & Michiels, 

2021; Donnelly et al., 2013; Pakos‐Zebrucka et al., 2016). ISR results in the phosphorylation of 

eIF2α, which leads to the shut-down of the cell translation machinery and the induction of specific 

stress-induced gene sets, which can promote two opposite cell fates: survival/recovery or apoptosis 

(Pakos‐Zebrucka et al., 2016). 

eIF2α can be phosphorylated by a family of five kinases, including: (1) PERK (PKR-like ER kinase; 

EIF2AK3); (2) GCN2 (general control non-derepressible 2; EIF2AK4), (3) HRI (heme-regulated 

inhibitor; EIF2AK1), (4) PKR (double-stranded RNA-dependent protein kinase, EIF2AK2), (5) fish 

specific Pkz (Z-DNA-dependent protein kinase) (Donnelly et al., 2013; Hu, 2004; Rothenburg et al., 

2005). Each kinase possesses unique regulatory domains allowing them to respond to distinct type of 

stress stimuli (Dey et al., 2007; Donnelly et al., 2013): PERK senses misfolded proteins in the ER 

and transduces this signal to attenuate protein synthesis; GCN2 is activated under amino acid 

starvation conditions through binding of uncharged tRNAs; HRI is activated under conditions of 

heme deprivation and coordinates globin chain synthesis in erythroid cells. PKR and fish Pkz are the 

main members of the family that are activated during viral infections. Interestingly, although eIF2α 

kinases primarily respond to specific stresses, a few studies suggest that they may have cooperative 

functions (reviewed in Pakos‐Zebrucka et al., 2016). For instance, eIF2α phosphorylation can be 

mediated by PKR but also PERK and GCN2 during viral infections (Berlanga et al., 2006; Cheng et 

al., 2005). Conversely, PKR was shown to play a significant role in the ER-stress signalling pathway 
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along with PERK (Lee et al., 2007). It is noteworthy that this cooperative phenomenon has also been 

reported with fish viruses such as Viral Hemorrhagic Septicemia Virus (VHSV) (Kesterson et al., 

2020). 

1.2. Fish Pkr 

pkr genes are present across jawed vertebrates from sharks (e.g., in the great white shark Carcharodon 

carcharias, ENSCHSG00020012606/LOC121278105), to bony fish and tetrapods. Only one copy is 

present in Zebrafish and salmonids, but two or more paralogues are often present next to each other 

in a head-to-tail orientation in percomorph species (for example, tongue sole (Cynoglossus 

semilaevis), Japanese medaka (Oryzias latipes) and green spotted puffer fish (Tetraodon 

nigroviridis)). Similar to their mammalian counterparts, fish Pkr contain a N-terminal dsRNA-

binding domain and a C-terminal kinase domain. Interestingly, while mammalian PKR consists of 

two tandem dsRNA binding motifs (dsRBMs), this number varies from one to three in fish Pkr 

(Rothenburg et al., 2008) (Figure 1A). A detailed phylogenetic analysis revealed an accelerated 

evolution of the kinase domain of PKR, compared to other related kinases (Rothenburg et al., 2009). 

This domain showed a robust signature of diversifying (positive) selection, with variations at 

positively selected sites altering the sensitivity to viral inhibitors involved in immune evasion. These 

observations highlight the importance of PKR in antiviral immunity. 

1.3. Pkz 

pkz gene was initially identified in Crucian carp (Carassius auratus) (Hu et al., 2004), Zebrafish 

(Danio rerio) (Rothenburg et al., 2005) and in Atlantic salmon (Salmon salar) (Bergan et al., 2008). 

Although it seems to be absent from many fish groups, it is not restricted to cyprinids and salmonids. 

It also found in clupeids (herrings) as well as in Paramorpyrops kingsleyae and Scleropages formosus 

(osteoglossomorphs). pkz genes, in species in which they are present, are located next to pkr, but 

encode a kinase in which the dual dsRNA-binding domain is replaced by two or more Z motifs 

(Figure 1A). These domains, which are also found in adenosine deaminase RNA-specific binding 

protein 1 (ADAR1, an RNA editing enzyme) and in a number of proteins from dsDNA viruses, such 

as pox or herpesvirus, specifically bind dsDNA and dsRNA in the left-handed Z conformation (Kim, 

2020). 

Phylogenetic analyses showed that fish pkr genes are more closely related to fish pkz than to their 

mammalian counterparts (Rothenburg et al., 2008). This suggests that pkr and pkz are paralogous 

genes that derive from an ancestral kinase gene, which was duplicated after the divergence from the 

tetrapod lineage. It was proposed that the existence of Pkz in certain fish species reflects an adaptation 

to specific fish viruses (Zou et al., 2016). 
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1.4. Other eIF2α kinases 

In contrast, PERK is found across metazoans (Mori, 2022) and has been extensively studied in 

drosophila (Sood et al., 2000) in which it is involved in Toll signalling (Zhu et al., 2022). PERK 

controls ER stress, blocking the entry of new polypeptides into the lumen and thus promoting 

refolding of misfolded proteins. GCN2 is widely found across metazoans, while HIR is present in 

vertebrates including Agnathans. 

2. Main functions of PKR and its implication in fish antiviral immunity 

The following section summarises the main functions of PKR and Pkz in a context of viral infection 

and shed light on the underlying molecular mechanisms identified in mammals and in fish. Figure 2 

provides an overview of the mechanisms of action of PKR identified in mammals during viral 

infections. 

2.1. Activation of PKR 

eIF2ak2, the gene encoding PKR, is constitutively expressed at low levels in mammalian cells and is 

then further induced by a variety of stress associated responses, including viral infection and IFN 

(Meurs et al., 1990). This distinctive feature is also found in fish in vivo as well as in vitro in fish cell 

lines (Table 1). Furthermore, mammalian PKR mainly localises in the cytoplasm but it has also been 

detected in the nucleus (Jeffrey et al., 1995). Similarly, cytoplasmic localisation of Pkr but also Pkz 

has been described in fish (Wei et al., 2020; Xu et al., 2019). 

In the cytoplasm, mammalian PKR is predicted to exist in a weak monomer-dimer equilibrium, the 

latent monomeric state being predominant (Cole, 2007; Donnelly et al., 2013; Lemaire et al., 2005). 

In a similar fashion to the other eIF2α kinases, it requires dimerisation and auto-phosphorylation to 

be fully active. 

2.1.1. Double-stranded RNA-mediated activation 

Mammalian PKR. The canonical and best-characterised PKR substrate is dsRNA, which is primarily 

generated during the replication cycle of RNA viruses. PKR activation is triggered by viral dsRNA 

binding to the N-terminal dsRNA-binding domain. Interestingly, activation by dsRNA is length-

dependent and requires a minimum of 30 pb (Lemaire et al., 2008). dsRNA binding results in back-

to-back homodimer formation which is mediated by the C-terminal kinase domain (Dey et al., 2005; 

Lavoie et al., 2014). Recent crystallographic studies suggest that the PKR dimer catalysed, in trans, 

the phosphorylation of the activation loop of another ‘substrate’ PKR (as a monomer or dimer) docked 

in a front-to-front geometry (Mayo et al., 2019). The phosphorylation of the kinase domain enhances 
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dimer stability (Dey et al., 2014; Lemaire et al., 2005) and reduces dsRNA binding affinity (Jammi 

& Beal, 2001). Eventually, the phosphorylated PKR dimer dissociates from dsRNA (Cole, 2007; 

Dzananovic et al., 2018). It is believed that the PKR dimer represents the active enzyme form that 

phosphorylates eIF2α (Cole, 2007). 

Fish Pkr. In fish, the dsRNA binding capacity of the N-terminal dsRBMs was demonstrated for 

Japanese flounder (Paralichthys olivaceus) PoPkr (Zhu et al., 2008), Zebrafish DrPkr (Liu et al., 

2011) as well as Grass Carp (Ctenopharyngodon idellus) CiPkr (Hu et al., 2016) via poly(I:C) (a 

synthetic analogue of double-stranded RNA)-sepharose pull-down assays. Interestingly, dsRBMs 

from Japanese flounder could bind poly(I:C) separately (Zhu et al., 2008) while dsRBMs from Grass 

Carp needed two or three dsRBMs to cooperate in vitro (Hu et al., 2016).This activity was never 

directly demonstrated for other fish PKR but the systematic presence of double or triple dsRBMs 

(Rothenburg et al., 2008) along with functional analysis suggest that fish Pkr activation is similar to 

its mammalian counterparts. 

Fish Pkz. Z-DNA binding domains (ZBDs) of Pkz bind tightly and specifically to Z-DNA (Liu et al., 

2011; Rothenburg et al., 2005) and the ZBDs of Crucian carp have been found to interact with 

poly(dG:dC) and form a complex with Z-DNA in vitro and to facilitate efficient B-to-Z transition of 

bound nucleic acid ligand (Kim et al., 2014, 2009). Subsequently, binding of Pkz to Z-DNA induces 

its activation through homodimerisation and autophosphorylation (Liu et al., 2011; Rothenburg et al., 

2005). The involvement of Pkz in detection of viral nucleic acids during infections is strongly 

supported by the capacity of the Zα protein encoded by the cyprinid herpesvirus 3 (CyHV-3) ORF112 

to outcompete the binding of PKZ to Z-DNA (Tomé et al., 2013); recent results about ORF112 

suggest a complex interplay between this Zα protein, Pkz and possibly other nucleic acid sensors 

involving competition for Z-DNA binding, conversion from A- to Z-DNA and induction of liquid 

phase separation by two Zα domains (Diallo et al., 2023). 

2.1.2. Alternative activation pathways 

Other studies have suggested that PKR can be activated in the absence of dsRNA binding, under 

specific conditions, including ER stress and artificially high concentrations of PKR. 

2.1.2.1. Protein activator of PKR (PACT) 

Mammalian PKR. Mammalian PKR can be activated in a seemingly dsRNA-independent manner by 

protein activator of PKR (PACT) in response to diverse stress stimuli including serum starvation, 

peroxide, arsenite or thapsigargin (ER stress) treatment (Lee et al., 2007; Patel et al., 2000). Exposure 

to these stress stimuli leads to PACT phosphorylation and activation (Bennett et al., 2004; Lee et al., 
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2007; Patel et al., 2000). Once activated, PACT interacts with PKR through its dsRBMs, leading to 

PKR activation (Patel et al., 2000; Peters et al., 2001). PACT binding to the same region as dsRNA 

would result in conformational changes necessary for PKR activation (Patel & Sen, 1998). Although 

the primary signals inducing endogenous PACT-mediated PKR activation remain unclear 

(Chukwurah et al., 2021), it is possible that PACT potentiates PKR activation in viral infections, 

insofar as viral proteins induce ER stress (Liu et al., 2020). 

Fish Pkr. Pact-Pkr interaction was also described in vitro in HEK293T transfected with Grass Carp 

CiPact and CiPkr (Hu et al., 2020). Furthermore, similarly to their mammalian counterparts, 

overexpression of CiPact increased the phosphorylation of CiPkr. 

2.1.2.2. High protein concentration 

Mammalian PKR. PKR was found in a phosphorylated state when overexpressed in Escherichia coli 

(Barber et al., 1991). Although the presence of dsRNA or structured ssRNA of bacterial origin could 

not be ruled out, it was suggested that the high intracellular concentration of PKR was enough to 

induce 337imerization and subsequent autophosphorylation. This hypothesis was later supported by 

in vitro studies (Lemaire et al., 2005). In both cases, the PKR dimers were able to catalyse eIF2α 

phosphorylation (Barber et al., 1991; Cole, 2007; Lemaire et al., 2005). In a similar fashion, PKR 

autophosphorylation was observed when incubated with heparin (Hovanessian and Galabru, 1987; Li 

et al., 2006) or other polyanions (reviewed in García et al., 2006). Although such concentrations are 

unlikely to happen in physiological conditions, it was suggested that this mode of PKR activation is 

mediated by monomers coming into close proximity in a similar manner to 337imerization of PKR 

via dsRNA binding (Lemaire et al., 2005). 

Fish Pkr. A few observations suggest that autophosphorylation of fish Pkr at high concentrations 

might occur: firstly, Xu et al. have reported that only catalytically inactive mutated Pkr could be 

detected by Western blot when the proteins were overexpressed in EPC cells (Xu et al., 2018), likely 

because of the shut-off induced by active Pkr; secondly, overexpression of both mammalian and fish 

PKR can induce apoptosis in transfected cells (Srivastava et al., 1998; Xu et al., 2018). Altogether, 

these results suggest that overexpressed fish Pkr are seemingly functionally active even in the absence 

of dsRNA substrate. 

2.1.2.3. Caspases 

Mammalian PKR can also be activated during apoptosis triggered by diverse stimuli (including 

tumour necrosis factor α (TNF-α), anti-FAS and staurosporine) via proteolysis as Asp251 by caspases 

(3, 7 and 8). This cleavage-mediated release of PKR kinase domain leads to eIF2α phosphorylation 

resulting in translation inhibition during apoptosis (Saelens et al., 2001). It was suggested that 

inhibition of de novo protein synthesis during apoptosis might be of importance to prevent inadvertent 
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synthesis of proinflammatory molecules allowing safe clearance once phagocytosed (Savill and 

Fadok, 2000). Whether this phenomenon exists with fish Pkr is currently not known. 

2.2. Phosphorylation of eIF2α and inhibition of protein synthesis 

2.2.1. Mammalian PKR 

Like all members of the eIF2α kinase family, activated PKR catalyses the phosphorylation of eIF2α 

(on Ser51 in human eIF2α). eIF2α is the main regulatory subunit of the eIF2 complex, which consists 

of 3 subunits (eIF2α, eIF2β, and eIF2γ). Under normal stress-free conditions, the eIF2 complex plays 

a key role in the initiation of mRNA translation: eIF2 forms a ternary complex by binding the initiator 

tRNA (Met‐tRNAi) in a GTP-dependent manner. The eIF2-tRNA complex then joins the 40S 

ribosome subunit, which forms the 43S pre‐initiation complex with other initiation factors (Jackson 

et al., 2010; Sonenberg & Hinnebusch, 2009). As initiation proceeds, GTP on eIF2 is hydrolysed 

upon binding of the Met‐tRNAi anticodon with the AUG start codon. This results in the dissociation 

of the eIF2–GDP complex from the 40S ribosome subunit. Inactive eIF2-GDP complexes are 

continuously recycled for further rounds of mRNA translation initiation in a process catalysed by the 

GTP exchange factor eIF2B. Eventually, this results in the return of eIF2 to its active form (Jackson 

et al., 2010; Sonenberg & Hinnebusch, 2009). 

Under stress conditions, Ser51-phosphorylated eIF2α blocks the eIF2B‐mediated exchange of GDP 

by sequestering eIF2B into a tight complex (Sudhakar et al., 2000). This inhibition of eIF2B activity 

results in a deficient eIF2 recycling preventing formation of new 43S pre-initiation complex. This 

leads to the attenuation of protein synthesis, thereby limiting the production of virions in the infected 

cells (García et al., 2006; Pakos‐Zebrucka et al., 2016). In mammals, the inhibition of protein 

translation via PKR-mediated eIF2α during viral infection is a well-known antiviral mechanism that 

has been described for a wide array of viruses (reviewed by Liu et al., 2020). 

2.2.2. Fish Pkr 

2.2.2.1. Pkr-mediated phosphorylation of eIF2α 

Several studies have demonstrated that fish Pkr catalyses the phosphorylation of eIF2α both in vitro 

and in vivo. For instance, co-immuno-precipitation assays showed that Japanese flounder PoPkr 

physically interacts with eIF2α during Scophthalmus maximus rhabdovirus (SMRV) infection in vitro 

(in FEC cells) and in vivo (in liver) leading to increased levels of phosphorylated eIF2α bound to 

PoPkr (Zhu et al., 2008). Further evidence comes from overexpression studies: eIF2α phosphorylation 

was increased in FEC cells transiently transfected with wildtype PoPkr and subsequently infected 

with SMRV. This was not the case with the catalytically inactive mutant K421R, suggesting that 
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eIF2α results from the catalytic activity of PoPkr (Zhu et al., 2008). Similarly, overexpression of 

wildtype CaPkr but not catalytically inactive mutant CaPkr K419R in EPC cells resulted in 

phosphorylation of eIF2α (Xu et al., 2018). Likewise, transfection of CO cells with Grass carp CiPkr 

resulted in phosphorylation of eIF2α compared to control (Hu et al., 2016). Interestingly, it was 

reported that overexpression of Zebrafish DrPkr in yeast led to phosphorylation of yeast eIF2α 

(Rothenburg et al., 2008). 

Knockdown studies further corroborate the hypothesis that fish Pkr is able to phosphorylate eIF2α: 

knockdown of CiPkr leads to reduced levels of phosphorylated eIF2α upon poly(I:C) stimulation in 

CIK cells (Hu et al., 2020; Wang et al., 2018). In a similar fashion, knockdown of CaPkr and PoPkr 

also resulted in inhibition of eIF2α phosphorylation upon Grass Carp Reovirus (GCRV) and SMRV 

infections, respectively (Liu et al., 2011; Zhu et al., 2008), thereby confirming that eIF2α 

phosphorylation is catalysed by Pkr. 

2.2.2.2. Pkr-mediated inhibition of protein synthesis 

Inhibition of de novo protein synthesis is probably one of the best studied functions of fish Pkr (Table 

1). This function has been established with in vitro overexpression studies combined with luciferase 

assays. It was reported that Japanese flounder PoPkr (Zhu et al., 2008), Crucian carp CaPkr (Liu et 

al., 2011), Grass carp CiPkr (Hu et al., 2016, 2013), Fugu (Takifugu rubripes) TrPkr1 and TrPkr2 

(del Castillo et al., 2012), and Nile tilapia OnPkr (Gan et al., 2021) can decrease luciferase activity 

upon transient transfection in mammalian and/or fish cells, and that this activity is dependent on a 

functional kinase domain. Interestingly, Liu et al. showed that co-transfection of both CiPkr and 

CiPkz potentiated this effect using the same reporter system (Liu et al., 2011). 

2.2.3. Fish Pkz 

Several studies suggest that Pkz can phosphorylate eIF2α in a similar fashion as Pkr. It was 

demonstrated that Grass carp CiPkz could phosphorylate eIF2α in vitro when incubated with Z-DNA 

but not poly(I:C) (Yang et al., 2011). Wu et al. also confirmed Grass carp CiPKZ capacity to 

phosphorylate eIF2α, as Pkz knockdown CIK cells that were transiently transfected with CiPkz 

displayed increased level of phosphorylated eIF2α, contrary to catalytically inactive mutant (Wu et 

al., 2016). Similarly, Atlantic Salmon SsPkz was also able to phosphorylate recombinant human 

eIF2α and rabbit eIF2 in vitro but not the non-phosphorylatable mutant eIF2α (Bergan et al., 2008). 

Zebrafish DrPkz and Crucian carp CaPkz were also reported to interact with endogenous eIF2α when 

overexpressed in mammalian cell lines or in yeast leading to its phosphorylation (Liu et al., 2011, 

2013; Rothenburg et al., 2008). These results were, however, not confirmed by another study in 

human PKR-deficient cells, in which DrPkz was unable to mediate eIF2α phosphorylation when 
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overexpressed in mammalian cells (unlike mammalian PKR) (Taghavi and Samuel, 2013). The 

authors argued that the observed increase in the other studies might be due to PKR presence in the 

transfected cells. Knock-down of CaPkz also led to reduced levels of phosphorylated eIF2α upon 

GCRV infection although to a lesser extent than CaPkr (Liu et al., 2011). 

Similar to Pkr, fish Pkz has the capacity to inhibit protein synthesis and this function requires a 

functional kinase domain, as described for DrPkz (Liu et al., 2013; Rothenburg et al., 2005; Taghavi 

and Samuel, 2013), CiPkz (Yang et al., 2011) and SsPkz (Bergan et al., 2008). 

2.3. PKR-mediated activation of apoptosis 

PKR is known for limiting viral replication not only through inhibition of global protein synthesis 

(aka. viral “shutoff”) but also by inducing apoptosis (Kaufman, 1999). 

2.3.1. Activation of apoptosis 

Apoptosis, also known as programmed cell death, is a highly regulated biological process, whereby 

cells undergo systematic self-destruction in response to diverse stimuli, including exposure to 

pathogens (Kerr et al., 1972). Unlike necrotic cells, apoptotic cells do not spill out their cellular 

contents but produce apoptotic bodies that can be phagocytosed without initiating an inflammatory 

response. The molecular mechanisms resulting in apoptosis are complex and involve two main 

pathways: (1) the “extrinsic pathway” aka. “death receptor pathway” is triggered by binding of 

extracellular ligands (TNF-α, FAS ligand (FASL), TNF related apoptosis inducing ligand (TRAIL)) 

to transmembrane death receptors (TNF receptor 1 (TNFR1), FAS receptor (FASR)) linked to adaptor 

proteins such as FAS-associated death domain protein (FADD); (2) the “intrinsic pathway” aka. 

“mitochondrial pathway” mediated by B-cell lymphoma 2 (BCL-2)–associated X protein (BAX)/ 

BCL-2 homologous antagonist killer (BAK) insertion into mitochondrial membrane with subsequent 

cytochrome c released which associates with apoptotic peptidase activating factor 1 (APAF-1) and 

procaspase-9 to produce the apoptosome. Both of these pathways result in the activation of the 

caspase cascade, which constitutes the execution phase of apoptosis (Elmore, 2007). 

2.3.1.1. Apoptosis triggered by PKR overexpression 

Several studies have reported that overexpression of PKR is sufficient to induce apoptosis in 

transfected mammalian cells (Lee and Esteban, 1994; Srivastava et al., 1998; Yeung et al., 1996). 

Furthermore, it was reported that Pkr-/- mouse embryonic fibroblasts (MEFs) were resistant to 

apoptosis in response to dsRNA, TNF-α, or lipopolysaccharide (LPS) (Der et al., 1997; Gil & 

Esteban, 2000a). 
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Similar results were obtained in fish cell lines transfected with fish Pkr: for instance, overexpression 

of wild-type Crucian carp CaPkr, but not catalytically inactive mutant, was sufficient to induce 

apoptosis in EPC cells (Xu et al., 2018). A comparable response was observed for both Grass carp 

CiPkr and CiPkz when overexpressed in CIK cells (Hu et al., 2016, 2013; Wu et al., 2016). 

2.3.1.2. Induction of apoptosis-related genes 

The role of PKR in apoptosis is also supported by transcriptional analysis of HeLa cells 

overexpressing wild-type PKR or catalytically inactive mutant PKR: pro-apoptotic genes (e.g. 

CASP9) were upregulated in PKR-expressing cells while anti-apoptotic genes (e.g. heat-shock protein 

HSP70, that inhibits mitochondrial release of cytochrome c and blocks procaspase-9 recruitment), 

were downregulated (Guerra et al., 2006). 

Interestingly, overexpression of grass carp CiPkr also leads to upregulation of pro-apoptotic bax and 

down-regulation of antiapoptotic bcl-2 while its knockdown resulted in opposite effects (Hu et al., 

2020). 

2.3.1.3. Activation of caspase cascade 

Furthermore, a few studies showed that PKR is able to activate the FADD/caspase-8/caspase-3 

pathway, independently from FAS/FASL and TNF-α/TNFR1 interaction (Gil and Esteban, 2000a; 

von Roretz and Gallouzi, 2010). PKR overexpression can also trigger the intrinsic pathway via 

activation of caspase 9, leading to BAX translocation into the mitochondria and subsequent release 

of cytochrome c to the cytoplasm (Gil et al., 2002). Conversely, poly(I:C) transfection results in 

reduced levels of apoptotic markers (cleaved PARP, and caspases 8 and 9) in PKR-/- HeLa cells, 

compared to wildtype cells (Zuo et al., 2022). Similarly, caspase-8 and -9 were also activated in EPC 

transfected with Crucian carp CaPkr (Xu et al., 2018). 

2.3.2. Underlying mechanism: PKR/eIF2α mediated apoptosis 

Several studies have demonstrated that PKR-mediated apoptosis is a process dependent on eIF2α 

phosphorylation. 

2.3.2.1. PKR/ATF4/CHOP pathway 

Mammalian PKR. Although the translation of most cell mRNAs is inhibited by PKR-mediated 

eIF2α-phosphorylation, it also induces the translation of specific host genes involved in the stress 

response, such as activating transcription factor 4 (ATF4), ATF3 and C/EBP homologous protein 

(CHOP) (Guerra et al., 2006; Palam et al., 2011). CHOP is known for regulating the expression of 

many anti-apoptotic and pro-apoptotic genes, including genes encoding the BCL-2-family proteins 

and the death receptors DR4 and DR5, which trigger the intrinsic and extrinsic apoptotic pathways 

(Hu et al., 2019; Puthalakath et al., 2007). 
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Current understanding of eIF2α/ATF4/CHOP signalling pathway comes largely from studies on ER 

stress and amino acid starvation involving the eIF2α phosphorylation by PERK and GCN2, 

respectively. Nevertheless, it has been shown that PKR also can induce apoptosis under ER stress 

conditions through PACT leading to the activation of eIF2α/ATF4/CHOP signalling pathway in a 

PERK-independent manner (Lee et al., 2007). Furthermore, ATF3 was reported to be induced upon 

overexpression of wildtype PKR but not the catalytically inactive mutant (Guerra et al., 2006). Further 

investigation revealed that the absence of ATF3 decreased PKR-induced apoptosis when PKR was 

overexpressed in cell lines (Guerra et al., 2006). Interestingly, PKR overexpression also upregulated 

the expression of an alternative spliced isoform of ATF3, called ATF3ΔZip2, which promotes 

apoptosis via competition for the binding with the 65kDa subunit of the Nuclear Factor κB (NF-κB) 

complex (Guerra et al., 2006). ATF3ΔZip2 was reported to suppress the NF-κB-dependent 

transcription of survival genes, referred to as cellular inhibitors of apoptosis, thereby indirectly 

making the cells more sensitive to apoptosis (Hua et al., 2006).  

Viral infections can induce also apoptosis through the eIF2α/ATF4/CHOP pathway (reviewed by Liu 

et al., 2020), although the kinase which phosphorylates eIF2α may vary from one virus to another. 

While many studies have reported the activation of the PERK/eIF2α/ATF4/CHOP pathway in virus-

infected cells, a few others mention PKR as one of the kinase activators. For instance, knockdown of 

both PKR and PERK inhibited CHOP upregulation and apoptosis in infectious bronchitis virus (IBV)-

infected cells (Liao et al., 2013). 

Fish Pkr. The Pkr/eIF2α/Atf4/Chop axis has not been directly investigated in fish. However, unique 

orthologues of atf3, atf4 and chop are present in most fish genomes, suggesting that this pathway is 

likely functional in these organisms. Binding experiments of recombinant Grass carp CiAtf4 to the 

promoter of prkra (interferon-inducible double-stranded RNA-dependent protein kinase activator A) 

suggested it may reduce the transcription of this gene involved in adaptation to ER stress (Huang et 

al., 2017a). Several studies have also reported the activation the eIF2α/Atf4/Chop pathway in case of 

ER stress in vivo in Crucian carp (Yuan et al., 2023), Zebrafish (Komoike & Matsuoka, 2016, 2013), 

Spotted seabass (Lateolabrax maculatus) (Xia et al., 2022), although in most cases, PERK was 

identified as the initiator kinase. 

2.3.2.2. PKR-mediated inhibition of translation promotes apoptosis 

Mammalian PKR. A recent study suggested that PKR-mediated translational arrest indirectly 

promotes apoptosis by downregulating cFLIP (cellular FLICE (FADD-like IL-1β-converting 

enzyme)-inhibitory protein) (Zuo et al., 2022), known as a key anti-apoptotic regulator (Safa, 2012). 

Mechanistically, not only do cFLIP isoforms bind caspase-8 via homophilic interactions and thereby 

regulate the activation of apoptosis (reviewed by Tsuchiya et al., 2015), they also induce NF-κB 
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activation via interaction with TNF receptor-associated factor 2 (TRAF2) (Kataoka et al., 2000; 

Kataoka and Tschopp, 2004). Zuo et al. observed that coumermycin A1-mediated activation of PKR 

led to decreased cFLIP levels, while apoptosis markers including caspases 8 and 9 were upregulated 

(Zuo et al., 2022). Conversely, in poly(I:C) transfected wildtype HeLa cells but not PKR-/- cells, 

cFLIP expression was decreased and proapoptotic markers became apparent. As cycloheximide, a 

potent translation inhibitor, displayed a similar response to PKR activation, the authors suggested that 

PKR-driven inhibition of cFLIP was mediated by translational arrest (Zuo et al., 2022). 

Fish Pkr. The functional role of cFlip in Pkr-mediated apoptosis has not been investigated in fish. 

Nevertheless, Sakamaki et al. showed cFlip proteins retain a relatively conserved structure across 

vertebrates. Further investigation revealed that Zebrafish cFlip, along with other non-mammalian 

cFlip proteins, had the ability to inhibit the extrinsic apoptotic pathway when overexpressed in 

mammalian HeLa cells and to interact with endogenous TRAF2 and FADD, in a similar fashion as 

their mammalian counterparts (Sakamaki et al., 2015). Furthermore, cFlip proteins from Zebrafish 

and Medaka and were able to induce NF-κB activation (Sakamaki et al., 2015). These results provide 

evidence that cFlip proteins have conserved functions from fish to mammals.  

2.3.3. Underlying mechanism: eIF2α-independent apoptosis 

PKR can also induce apoptosis independently of eIF2α phosphorylation via activation of transcription 

factors NF-κB (see below) and p53 (reviewed in García et al., 2006). 

NF-κB controls the transcription of a large number of genes involved in immune and inflammatory 

responses, cell growth, cell survival (Grilli et al., 1993). NF-kB is commonly known for controlling 

development, survival and inflammation programmes, but numerous reports have also linked NF-κB 

activation to apoptosis (Kaltschmidt et al., 2000; Tak et Firestein, 2001). Indeed, under certain 

conditions including viral infections, NF-κB is known for inducing several pro-apoptotic transcription 

genes (e.g. P53, CMYC, FAS, FASL) (Gil and Esteban, 2000b). The molecular mechanisms by which 

PKR activates the NF-κB pathway will be discussed in a dedicated section hereinbelow. 

The p53 tumor suppressor plays a key role in cellular homeostasis through the modulation of cell-

cycle arrest, DNA repair, senescence, and apoptosis (Yoon et al., 2009). Studies using Pkr-/- MEFs 

also suggest that PKR might modulate p53 function (Cuddihy et al., 1999). The underlying 

mechanism involves the activation of PACT/PKR stress signalling pathway, resulting in the 

sumoylation-dependent p53 phosphorylation, translational activation and stability leading to G1 cell 

cycle arrest (Bennett et al., 2012). Since p53 transcription factor activates several effector processes, 

including the intrinsic apoptotic pathway (Aubrey et al., 2018), it was suggested that PACT/PKR-
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mediated p53 stabilisation could result in apoptosis, thereby highlighting its role in antiviral innate 

immunity (Aloni-Grinstein et al., 2018). 

2.4. PKR as a transducer of the inflammatory and interferon responses 

In addition to inhibiting cellular translation and to promoting apoptosis, PKR was reported to be 

involved in various signal transduction pathways of the inflammatory response and the IFN response, 

which are both triggered upon viral infection. Activation of those responses leads to cytokine 

production and promotion of a systemic immune response, thereby preventing spreading of the viral 

infection. Nevertheless, in most cases, the precise role of PKR in the activation of these pathways 

remains elusive and whether PKR acts directly or indirectly has not been fully clarified. 

2.4.1. PKR role in mitogen-activated protein kinase (MAPK) signalling 

The mitogen-activated protein kinases (MAPKs) are a family of highly conserved serine-threonine 

protein kinases, involved in signal transduction pathways that regulate mitosis, cell differentiation, 

metabolism and cell death in eukaryotes (Morrison, 2012). The MAPKs can be classified into 3 

groups: (1) ERKs (extracellular-signal-regulated kinases), responding primarily to growth factors and 

mitogens; (2) JNKs (Jun amino-terminal kinases), activated by environmental stress stimuli, 

inflammatory cytokines and growth factors; and (3) p38/SAPKs (stress-activated protein kinases), 

which are strongly activated in response to stress stimuli and inflammatory cytokines (Morrison, 

2012). Importantly, the MAPK cascade participates in regulating the immune response and apoptosis 

upon viral infection (Kumar et al., 2018; Mohanta et al., 2020). In particular, downstream targets of 

the MAPK pathway include transcriptional factors as NF-κB p65, c-Jun, c-Fos, ATF1/2/6, CHOP, 

p53, signal transducer and activator of transcription 1 (STAT1), STAT3 which modulate the 

expression of genes involved in proliferation, apoptosis and immune and inflammatory responses 

(Kumar et al., 2018). 

Interestingly, Pkr-/- MEFs were shown to be defective in activating p38 and JNK MAPKs in response 

to proinflammatory signals including poly(I:C), LPS, interleukin 1β (IL-1β), and TNF-α (Goh et al., 

2000). Furthermore, PKR knock-down in HeLa cells impaired the phosphorylation of JNK and p38 

in response to dsRNA or a mutant strain of vaccinia virus (Zhang et al., 2009). Similarly, PKR-/- HeLa 

cells demonstrated a lack of p38, JNK, and ATF2 phosphorylation upon infection with the measles 

virus, which was restored upon transfection with wild-type human PKR (Taghavi & Samuel, 2012). 

From a mechanistic point of view, it was discovered that p38 MAPK activator MKK6 was efficiently 

phosphorylated by PKR in vitro and that activated PKR is able to directly regulate MKK6 activity in 

vivo upon poly(I:C) treatment (Silva et al., 2004). Nevertheless, other studies demonstrated that 

although dsRNA-mediated activation of the JNK pathway was greatly reduced in cells lacking 
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RnaseL and PKR, activation of the p38 pathway happened in a RnaseL- and PKR-independent 

manner, suggesting existence of alternative dsRNA-triggered signalling pathways (Iordanov et al., 

2000). 

2.4.2. PKR role in NF-κB signalling 

Besides activating the MAPK signalling pathway, PKR is also known for regulating the inflammatory 

response by modulating NF-κB signalling pathway.  

Under normal conditions, NF-κB dimers are held inactive in the cell cytosol through association with 

inhibitors of NF-κB (IκB), which block NF-κB nuclear localization signal (Hayden and Ghosh, 2012; 

Oeckinghaus and Ghosh, 2009). Upon stress stimuli, the IκB kinase complex (IKK) is activated, 

leading to phosphorylation, ubiquitination and subsequent degradation of IκB proteins. Released NF-

κB translocates to the nucleus and binds specific regulatory elements, thereby inducing the 

transcription of its target genes (Liu et al., 2017). 

In Pkr-/- MEFs dsRNA treatment was unable to activate NF-κB (Kumar et al., 1997). Furthermore, 

PKR knock-down assays combined with NF-κB electrophoretic-mobility shift assay and IκBα 

detection by western blot showed that PKR was required for maximal NF-κB activation upon 

poly(I:C) transfection as well as during measles virus infection. NF-κB activation was dependent on 

MAVS but not TRIF (McAllister et al., 2010; McAllister and Samuel, 2009). Early studies showed 

that PKR could phosphorylate IκBα and induce NF-κB DNA-binding in vitro (Kumar et al., 1994), 

although evidence for a direct phosphorylation of IκBα by PKR in vivo was not demonstrated. It was 

later discovered that PKR acts upstream of IKK and NF-κB inducing kinase (NIK), leading to the 

degradation of the inhibitors IκBα and IκBβ and the concomitant release of NF-κB (Kumar et al., 

1994; Zamanian-Daryoush et al., 2000). It is still unclear whether the PKR-driven activation of IKK 

involves PKR catalytic domain or not, as discrepancies can be found in the literature (Bonnet et al., 

2000; Gil et al., 2001; Ishii et al., 2001). Another hypothesis is that PKR provides a signalling 

platform via its dsRNA-binding domain, which recruits signalling molecules such as members of the 

TRAF family, which are well-known signal transducers of NF-κB signalling pathway (Gil et al., 

2004). 

To date, the exact relationship between PKR and NF-κB and their downstream targets still remains 

elusive. This is particularly evident in fish models, where the studies tackling this question are scarce. 

Nevertheless, co-immuno-precipitation and GST-pull down assays showed that Grass carp CiPkr 

binds to Ikkβ and that Ikkβ interacts with IκBα (Wang et al., 2017). Furthermore, Fugu TrPkr1 and 

TrPkr2 induced transcriptional activity of a mammalian NF-κB luciferase reporter upon transfection 

in HINAE cells (del Castillo et al., 2012). This pathway of action of PKR is therefore likely functional 

in fish.  
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2.4.3. PKR role in type I IFN response 

2.4.3.1. PKR potentiates the production of type I IFN 

The importance of PKR for type I IFN production has been strongly debated over the years (Fullam 

and Schröder, 2013) and it is suggested that PKR might potentiate the type I IFN response upon viral 

infections (as reviewed in Pfaller et al., 2011). 

Der and Lau initially showed that induction of IFNA and IFNB genes was impaired in PKR deficient 

U-937 cells (a human lymphoma) upon exposure to several inducers including LPS and 

encephalomyocarditis virus (EMCV) (Der and Lau, 1995; Schulz et al., 2010). PKR knock-down 

reduces IFN-β and/or IFN-α induction upon transfection with dsRNA (Diebold et al., 2003; 

McAllister and Samuel, 2009) but also during infection with a measles virus vaccine strain 

(McAllister et al., 2010). Interestingly, PKR silencing or inhibition with pharmacological inhibitors 

both led to increased induction levels of IFN-β upon Hepatitis C Virus (HCV) infection (Arnaud et 

al., 2010). 

Taken together, these results suggest that PKR can act as an enhancer for IFN-β production for some 

but not all viruses. It has been suggested that PKR is not required for IFN-α/β production in cells 

infected with RIG-I dependent viruses (Sendai virus, influenza), while it promotes IFN-α/β 

production to MDA5-dependent viruses (EMCV, rotavirus, West Nile virus, Semliki Forest virus) 

(Schulz et al., 2010). 

2.4.3.2. Underlying mechanisms 

PKR-dependent enhancement of IFN-β induction may involve several pathways. The IFNB promoter 

contains NF-κB as well as IFN-regulatory factor (IRF)-binding sites (Garoufalis et al., 1994). PKR 

may also act as a stabiliser of IFNB transcripts, as an activator of the IRF1 pathway, or as a STAT 

regulator. 

Activation of NF-κB. IFN-β induction involves the PKR-dependent activation of ATF2 and NF-κB 

activation whereas IRF3 activation was a PKR-independent process during measles virus infection 

(McAllister et al., 2010). Another study showed that LPS stimulation also led to induction of IFN-β 

through PKR-mediated activation of NF-κB, resulting in STAT1 phosphorylation and STAT1-

dependent transcription of inflammatory cytokines and chemokines (Lee et al., 2005). Chemical 

inhibition of PKR activity and/or PKR knock-down resulted in inhibition of STAT1 phosphorylation 

and subsequent STAT-mediated transcription of inflammatory genes, as well as suppression of 

nuclear factors binding activity to GAS/ IFN-stimulated response elements (ISRE) in the context of 

stimulation with LPS (Lee et al., 2005). Nevertheless, as mentioned above, the molecular mechanisms 

by which PKR activates NF-κB are still poorly understood. 



 Supplementary material – Appendix 4  

 347 

PKR as an adaptor in RIG-I/MDA5 signalling pathway. PKR was shown to directly interact with 

components of the retinoic acid-inducible gene I (RIG-I)/ melanoma differentiation-associated 

protein 5 (MDA5) signalling pathway, which stimulates IFN-β production. For example, knockdown 

and co-immuno-precipitation studies showed that upon HCV infection PKR interacts with 

mitochondrial antiviral-signalling protein (MAVS) and TRAF3 but not RIG-I leading to a strong 

induction of protein ISG15 as well as other IRF3-dependent IFN simulated genes (ISGs) (Arnaud et 

al., 2011). These associations required dsRBMs but not the kinase activity of PKR, suggesting that 

PKR acts as an adaptor protein in this pathway (Arnaud et al., 2011). PKR was also reported to 

associate with MDA5 and to stimulate IFN-β production in a kinase-dependent manner after vaccinia 

virus infection without eIF2α phosphorylation requirement (Pham et al., 2016). Further investigation 

revealed that PKR was required for IRF3 phosphorylation and nuclear translocation during vaccinia 

virus or EMCV infection (Pham et al., 2016; Zhang and Samuel, 2008). Furthermore, it was shown 

that activation of PKR resulted in IFN-β upregulation even in the absence of MDA5, but required 

MAVS, suggesting that PKR acts as a signal transducer between these two elements of the pathway 

(Pham et al., 2016). Consistent with this hypothesis, a direct interaction between PKR and MAVS 

has also been reported (Zhang et al., 2014).  

Direct interaction between PKR and RIG-I upon influenza or vaccinia virus infections has also been 

recently reported (Pham et al., 2016; Yoo et al., 2014) but PKR activation was not required in RIG-I 

signalling pathway, suggesting that PKR role downstream of RIG-I might be redundant with other 

signals. 

PKR as a stabiliser of IFNB transcripts. Schulz et al. reported that EMCV infection strongly induced 

IFNB transcription in PKR-deficient cells, but little or no IFN-β protein was produced (Schulz et al., 

2010). Similarly, Sen et al. reported low IFN-β secretion in Pkr-/- MEFs infected with rotavirus 

compared to wildtype MEFs although the transcript levels were not reduced (Sen et al., 2011). Further 

investigation revealed that IFNB mRNAs produced in EMCV-infected PKR-deficient cells lacked a 

polyA-tail, suggesting that PKR is required for the integrity and stability of IFNB transcripts (Schulz 

et al., 2010). However, the regulation of this mechanism by PKR is currently not known. 

PKR as component of IRF1 pathway. IRF1 regulates the expression of IFNA and IFNB genes and is 

strongly induced upon viral infections (Fujita et al., 1989). Activation of IRF1 promoter in response 

to dsRNA exposure is defective in Pkr-/- MEFs, suggesting that PKR acts as a signal transducer for 

IRF1-dependent gene induction (Kumar et al., 1997). This hypothesis is also supported by another 

study showing that HCV inhibits PKR, thereby suppressing IRF1 activation and IRF1-dependent 

gene expression (Pflugheber et al., 2002). The mechanisms by which PKR promotes IRF1 activation 

are poorly understood. 
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PKR as a STAT regulator. PKR might also play a role downstream of the IFN pathway, as a few 

studies reports its interaction with STATs proteins. PKR associates with STAT1 in mammalian cells 

independently from its kinase activity (Wong et al., 1997, 2001). This interaction takes place in 

unstimulated cells but stimulation with IFNs or dsRNA leads to the dissociation of the PKR-STAT1 

complex. Furthermore, increased levels of PKR-STAT1 complex have a negative effect on STAT1 

DNA binding capacity, thereby impairing STAT1 transcriptional function (Wong et al., 1997). This 

suggests that PKR functions as a negative regulator of STAT1. 

Very few studies have focused on Pkr role in type I Ifn production in fish. Nevertheless, chemical 

inhibition of Pkr (but also Perk) resulted in reduced mRNA levels of ifn and mx1 in RTG2 and RTgill 

cells upon VHSV infection (Ramnani et al., 2023). Overexpression studies in fish showed that irf1-

3-7, isg15, isg56, and mx were all significantly increased in cells overexpressing orange-spotted 

grouper (Epinephelus coioides) EcPkr (Wei et al., 2020). In addition, reporter studies showed that 

EcPkr overexpression led to increased activity of ifnb and nfkB promoters compared to the cells 

transfected with the empty vector (Wei et al., 2020). Similarly, overexpression of Grass carp CiPkz 

leads to enhanced activity of ifn promoter in CIK and CO cells, and CiPkz knock-down results in 

reduced induction of type I ifn mRNA upon poly(G:C) stimulation (Xu et al., 2019). Co-immuno-

precipitation assays showed that CiPkz can separately interact with Irf3, Sting, Zdhhc1, eIF2α, Irf9, 

and Stat2 (Xu et al., 2019). Another recent study demonstrated that STAT3 binds the catalytic domain 

of human PKR, thereby inhibiting its capacity to phosphorylate eIF2α and to mediate starvation-

induced autophagy (Shen et al., 2012). Physical interaction between cytoplasmic grass carp CiStat3 

and CiPkr was also reported, in vivo and in vitro (Wang et al., 2018). Overexpression of CiStat3 in 

CIK cells reduced the levels of eIF2α phosphorylation, while knockdown led to opposite results 

(Wang et al., 2018). 

2.4.4. Reconciliating two antagonist PKR-mediated programmes via sequential 

activation 

PKR is involved in two seemingly antagonist programmes upon viral infections: (1) protein 

translation shut-off in individual virally infected cells and initiation of apoptosis; (2) a survival 

pathway mediated by NF‐κB leading to cytokine production and promotion of a systemic immune 

response, thereby preventing spreading of the viral infection. 

Some authors have proposed that PKR can activate those two programmes in a sequential manner 

during the course of a viral infection, leading to a chronological activation of the survival and 

apoptosis responses (Donzé et al., 2004). This hypothesis is supported by the observation that NF-κB 

and anti-apoptotic signals (e.g., cellular inhibitors of apoptosis (cIAPs), A20) are activated by PKR 

overexpression several hours prior to the beginning of eIF2α-mediated cell death. It was suggested 
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that the interplay between kinase-independent (NF-κB pathway) and kinase-dependent (eIF2α) 

strategies allows fine-tuning of two opposite cellular programmes, namely cell survival to delay cell 

death in order to alert naive cells by producing antiviral cytokines, and apoptosis to eliminate infected 

cells (Donzé et al., 2004). It is not known if fish Pkr and Pkz may show this temporal control. 

3. PKR antiviral activity and modulation of PKR during viral infection 

3.1. PKR antiviral activity 

3.1.1. Mammalian PKR 

PKR constitutes a fast defence mechanism against viral infections and depletion of PKR often lead 

to increased viral titres in vitro and in vivo. 

In mammals, several studies have shown that viruses tend to replicate more efficiently in PKR-

deficient MEFs or cell lines, such as EMCV (Der & Lau, 1995), Sendai and Sindbis viruses (Zuo et 

al., 2022). Similarly, mice lacking PKR showed increased mortality following vesicular stomatitis 

virus infection (Durbin et al., 2002), coxsackievirus (Flodström-Tullberg et al., 2005) or West Nile 

virus (Samuel et al., 2006). 

In some cases, however, PKR-deficient MEFs show no detectable increase in virus yield, as for 

dengue virus (Diamond and Harris, 2001), or display reduced titres, as for HCV (Arnaud et al., 2010). 

3.1.2. Fish Pkr and Pkz 

In fish, studies focused on the antiviral activity of Pkr and Pkz are scarce (Table 2): Liu et al. showed 

that overexpression of either Grass carp CiPkr or CiPkz lead to inhibition of GCRV; this antiviral 

activity was enhanced when both kinases were overexpressed (Liu et al., 2011). Conversely, knock-

down assays of either or both kinases made fish cells more permissive to virus infection, although the 

antiviral ability of CiPkz seemed weaker than CiPkr, which correlated with its lower ability to 

phosphorylate eIF2α (Liu et al., 2011). Recent overexpression studies showed that overexpressed 

Nile tilapia OnPkr leads to reduced GCRV in FHM cells (Gan et al., 2021). Similar results were 

obtained with orange spotted grouper EcPkr in GS cells infected with red-spotted grouper nervous 

necrosis virus (RGNNV) (Wei et al., 2020). Interestingly, although chemical inhibition of OmPkr in 

RTG2 and RTGill resulted in increased VHSV N mRNA levels, it did not have any impact on viral 

titres in comparison to untreated cells (Ramnani et al., 2023). An in vivo study in Zebrafish larvae 

infected with CyHV-3 also showed that pkr KO had no effect on viral levels while pkz KO larvae 

displayed higher viral levels during 1-4 dpi but not afterwards (Streiff et al., 2023). 

Curiously, treatment with pharmaceutical inhibitors of Pkr resulted in reduced infectious pancreatic 

necrosis virus (IPNV) titre in CHSE214 (Gamil et al., 2016). Although IPNV infection in CHSE214 
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induces phosphorylation of eIF2α and protein synthesis inhibition, PKR transcript and protein were 

not induced over the course of IPNV infection (Gamil et al., 2016, 2015). It was suggested protein 

inhibition might be part of IPNV strategy to evade the host antiviral response. 

3.2. Modulation of PKR at the transcriptional and translational level 

3.2.1. Transcriptional regulation of PKR expression 

Transcription factor binding sites in the 5’-untranslated region of mammalian PKR gene include an 

ISRE, a kinase-conserved sequence (KCS) response element, as well as a p53 response elements 

(reviewed in Pindel and Sadler, 2011). Yoon et al. confirmed with p53 KO cell lines that p53 induces 

the expression of PKR under IFN stimulation or genotoxic stress. Furthermore, luciferase reporter 

assay showed that p53 activates the PKR promoter independently from ISRE (Yoon et al., 2009). 

In fish, it was also found that Grass carp Cip53 can bind to CiPkr promoter with high affinity. 

Interestingly, when Cip53 was knocked down in CIK cells, the mRNA levels of CiPkr were 

decreased, suggesting an effect on pkr transcription (Huang et al., 2017b). 

3.2.2. Translational autoregulation 

Activated PKR autoregulates the expression of its own mRNA via the inhibition of protein translation 

initiation (Thomis and Samuel, 1992). Similar results were suggested in fish, as non-functional CaPkr 

but not catalytically active CaPkr can be detected by western blot in transfected EPC cells (Xu et al., 

2018). 

3.3. Inhibitors of PKR functions 

The list of PKR cellular inhibitors has been extensively reviewed by Garcia et al (2006). Cellular 

inhibitors of PKR include: 58-kDa inhibitor of PKR (P58IPK), trans-activation response RNA-binding 

protein (TRBP), 67kDa-glycoprotein (p67), nucleophosmin (NPM), MDA7, HSP90 and HSP70 

(García et al., 2006). Except P58IPK and TRBP, the role of these inhibitors during viral infection has 

not been always elucidated and will not be further discussed in this review. Importantly, those 

inhibitors have been identified in mammalian systems and it is currently not known if their fish 

counterparts exist and/or function in a similar fashion. 

3.3.1. P58IPK 

P58IPK belongs to the tetratricopeptide repeat family of proteins and is recruited by influenza virus to 

block PKR antiviral functions (Lee et al., 1994). Mechanistically, it inhibits PKR 

autophosphorylation and the subsequent phosphorylation of eIF2α (Lee et al., 1994). P58IPK knockout 
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mice infected with influenza displayed increased lung pathology and mortality rate, which correlated 

with PKR activation and eIF2α phosphorylation (Goodman et al., 2009). 

3.3.2. trans-activation response RNA-binding protein (TRBP) 

The trans-activation response RNA-binding protein (TRBP) inhibits PKR function by direct 

interaction as well as by binding PKR activators, namely dsRNA and PACT, thereby sequestering 

them away from PKR (Benkirane et al., 1997; Daher et al., 2009). Interestingly, MAPK-mediated 

phosphorylation of TRBP potentiates TRBP ability to inhibit PKR during oxidative stress 

(Chukwurah and Patel, 2018). Unique orthologues of trbp can be found in fish genomes, including 

Zebrafish and Pufferfish (Murphy et al., 2008), suggesting that this pathway might be functional in 

fish. 

3.4. PKR modulation in stress granules (SGs) 

3.4.1. SGs in mammals 

PKR-mediated inhibition of the translation machinery results in the accumulation of stalled 

translation pre-initiation complexes, which assemble into cytoplasmic ribonucleoprotein complexes 

called stress granules (SGs) (Kedersha et al., 2002; Kimball et al., 2003; Protter & Parker, 2016). 

Importantly, SG formation is induced in response to environmental stress conditions, including 

heat/cold shock, oxidative and osmotic stress, UV irradiation but also viral infections (Hofmann et 

al., 2021).  

Substantial evidence indicates that PKR plays a key role in the SG formation as well as in their 

antiviral activity. SG formation often occurs in an eIF2α phosphorylation-dependent manner upon 

viral infections (reviewed by Miller, 2011). Overexpression and KO studies demonstrated that PKR 

is necessary for formation of SGs upon transfection with poly(I:C) and infection with Influenza A 

virus, and plays a key role in the induction of IFNB gene and the production of production of IFN-β 

protein (Onomoto et al., 2012). It was also recently discovered that DEAH-Box Helicase 36 

(DHX36):RIG-I complex facilitates the activation of PKR upon dsRNA exposure or viral infection 

(influenza, Newcastle disease virus), resulting in subsequent SG formation (Yoo et al., 2014). The 

newly formed SGs provide a platform for antiviral signalling pathways by recruiting PKR as well as 

other RNA-binding proteins (MDA5, RIG-I, oligoadenylate synthetase (OAS)) thereby potentiating 

eIF2α phosphorylation and promoting transcription of type I IFNs and inflammatory cytokines via 

MAVS-driven activation of IRF3/7 and NF-κB transcription factors (Onomoto et al., 2012; Reineke 

and Lloyd, 2015). 
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3.4.2. SGs in fish 

A recent study showed that SG formation is triggered by Perk and not Pkr upon VHSV infection in 

EPC cells but also RTG-2 and RTGill (Ramnani et al., 2023). This is consistent with previous studies 

reporting that VHSV infection in EPC cells regulates translation by activating the Perk/eIF2α 

pathway rather than by Pkr (Kesterson et al., 2020). Similar results were obtained in a GS cell lines 

upon RGNNV infection: chemical inhibition of Pkr had little effect on the formation of SGs, whereas 

inhibition of Perk significantly limited the formation of SGs and decreased the phosphorylation of 

eIF2α (Sun et al., 2022). In contrast, measles virus infection induces SG formation in Pkr-deficient 

cells complemented by transfection with Zebrafish DrPkr but not DrPkz (Taghavi and Samuel, 2013). 

The possible role of fish Pkz in the formation of SG induced by fish viruses has, however, not been 

studied. 

3.5. Viral subversion of PKR activation in fish 

PKR subversion mechanisms were recently reviewed for mammalian viruses by Cesaro et Michiels 

in 2021. No specific studies, however, were conducted in fish. There are a few reports demonstrating 

the ability of some fish viral protein to sequester dsRNA and therefore, prevent optimal activation of 

PKR and other dsRNA receptors. The betanodavirus B2 is capable of binding its own dsRNA (Fenner 

et al., 2006; Ou et al., 2007) and prevent dsRNA-dependent processes. The ORF2 protein encoded 

by the segment 8 of the infectious salmon anaemia virus (ISAV) has been described as a type I IFN 

suppressor (McBeath et al., 2006) with some dsRNA binding properties (García-Rosado et al., 2008; 

Olsen et al., 2016). Some viruses can also subvert sequestration of cellular proteins to allow full 

replication in infected cells. This is the case for GCRV, where the cellular CiTia1 binds dsRNA, 

depleting it for efficient activation of Pkr (Song et al., 2015). These are indirect observations and 

further specific studies would be required to evaluate the limitation of PKR activation. Finally, the 

vIF2α protein from Rana catesbeiana iridovirus Z is a functional inhibitor of human PKR and 

Zebrafish DrPkr, and probably functions as a pseudosubstrate inhibitor of PKR (Rothenburg et al., 

2011). 

Conclusion 

As presented in this review, PKR is a versatile kinase at the crossroads of virus sensing, stress 

response and innate immune signalling pathways: once activated, it initiates inhibition and protein 

translation and promotes apoptosis, but it also acts as a transducer in the inflammatory and IFN 

responses. Its crucial role in the antiviral response is further supported by the finding that many 

viruses evolved subversion strategies to antagonise PKR-mediated antiviral mechanisms. Although 
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studies focusing on fish Pkr are relatively scarce, it seems that the antiviral functions attributed to 

mammalian PKR are also relatively conserved in these organisms. The existence of a fish specific 

Pkr-like protein, namely Pkz, raises further questions about their respective and/or cooperative roles 

in fish antiviral response. This opens many interesting avenues for future investigation to provide 

insights into fish Pkr and Pkz mode of action. The generation of KO mutants, guided by 

transcriptomic data, will help to provide an integrated picture of this complex network. 
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Figures 

 

Figure 1: Mammalian and fish PKR and fish Pkz proteins. 

(A) Schematic representation of domain organisation of PKR and Pkz proteins from Homo sapiens (Hs) 

(NP_001129123.1/5610), Gallus gallus (Gg) (NP_989818.3/395147), Xenopus laevis (Xl) 

(NP_001091256.1/100037060), Danio rerio (Dr) (DrPkr: NP_001107942.1/100001092; DrPkz: 

NP_001035466.1/503703), Onchorhynchus mykiss (Om) (OmPkr: NP_001139363.1/100271898; OmPkz: 

XP_036801832.1/110491201) and Tetraodon nigroviridis (Tn) (TnPkr1: CAM07147.1; TnPkr2: CAM07148.1; TnPkr3: 

CAM07149.1). The localisation of predicted domains and motifs was obtained using SMART (Simple Modular 

Architecture Research Tool) (Letunic et al., 2021; Letunic and Bork, 2018) (B) Percent identity matrix of full length Pkr 

and Pkz proteins (in grey) and their respective kinase domains (KD) (in orange).  
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Figure 2: Overview of mammalian PKR mechanisms of action during viral infection. 

(1) Virus sensing. PKR can be activated either by virus-derived double-stranded RNA (dsRNA) or protein activator of 

PKR (PACT) in response to endoplasmic reticulum (ER) stress (misfolded proteins), which can be caused by virus 

infection. DEAH-box helicase 36(DHX36):RIG-I complex also facilitates PKR activation upon dsRNA exposure. PKR 

activation is modulated by cellular inhibitors p58IPK (58-kDa inhibitor of protein kinase) which inhibits PKR 

autophosphorylation, and transactivation response RNA-binding protein (TRBP), which sequesters dsRNA and PACT. 

(2) Inhibition of translation initiation. Both PKR-like ER kinase (PERK) and activated PKR can phosphorylate 

eukaryotic translation initiation factor 2 α (eIF2α). This results in the inhibition of translation initiation and a global 

shutdown of protein synthesis (3) Activation of apoptosis. PKR also triggers apoptosis via several pathways: inhibition 

of protein synthesis leads to (1) upregulation of transcription factors such as activating transcription factor 4 (ATF4), 

ATF3 and C/EBP homologous protein (CHOP) and activation of p53, resulting in the induction of proapoptotic genes, 

including B-cell lymphoma 2 (BCL2) family and death receptors (DRs); (2) downregulation of antiapoptotic regulators, 

such as cellular FADD-like interleukin (IL)-1β-converting enzyme inhibitory protein (cFLIP). Apoptosis is triggered by 

a signalling cascade involving FAS-associated protein with death domain (FADD), tumor necrosis factor (TNF) receptor 

type 1-associated death domain (TRADD), TNF receptor-associated factor 2 (TRAF2), resulting in activation of the 

caspase (casp) cascade, involving upstream initiator casp8, 10 and 9 and downstream executioner casp3 and 7. (4) MAPK 

and NF-κB proinflammatory signalling. PKR stimulates mitogen-activated protein kinases (MAPK) mediated 

proinflammatory signalling pathway involving MAPK kinase 6 (MKK6), extracellular signal-regulated kinases (ERK), 

c-Jun N-terminal kinases (JNK), p38 and their downstream targets such as c-Fos, c-Jun, which form together activator 

protein 1 (AP-1) and ATF2. PKR also activates the nuclear factor-κB (NF-κB) signalling pathway by acting upstream of 

inhibitor of NF-κB (IκB) kinase (IKK) and/or by recruiting signal transducers such as members of the TRAF family. Both 

pathways converge on the induction of proinflammatory genes, such as TNFA, IL6 and IL1B. (5) Innate immune 

signalling. PKR interacts with cytosolic nucleic acid sensors retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation-associated protein 5 (MDA5). This enhances downstream signaling pathways involving mitochondrial 

antiviral signalling protein (MAVS), TRAF3, TANK-binding kinase 1 (TBK1), interferon regulatory factor 1 (IRF1), 

IRF3, IRF7, resulting in induction of interferon (IFN). Subsequent activation of the JAK/STAT cascade occurs involving 

janus kinase 1 (JAK1), tyrosine kinase 2 (TYK2), signal transducer and activator of transcription 1 (STAT1), STAT2 and 

IRF9. This eventually leads to the induction of IFN-stimulated genes (ISGs). PKR is also involved in stabilising of IFNB 

transcripts via an unknown mechanism. (6) Formation of stress granules. Stalled protein synthesis promotes the 

formation of stress granules, which function as a platform for dsRNA sensing and for potentiating proinflammatory and 

IFN responses. Solid arrows represent direct interactions or actions; while dashed arrows indicate speculated interactions 

or unknown mechanisms. 
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