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Viperin is a key antiviral effector in immune responses of sebrates including the
Atlantic cod (Gadus morhud). Using cloning, sequencing and gene expression analyses,
we characterized the Atlantic cod viperin at the nucleotide and hypothetical amino
acid levels, and its regulating factors were investigatedAtlantic cod viperin cDNA is
1,342 bp long, and its predicted protein contains 347 amino aids. Using in silico
analyses, we showed that Atlantic codviperin is composed of 5 exons, as in other
vertebrate orthologs. In addition, the radical SAM domain red C-terminal sequences
of the predicted Viperin protein are highly conserved amongvarious species. As
expected, Atlantic cod Viperin was most closely related to ther teleost orthologs.
Using computational modeling, we show that the Atlantic codViperin forms similar
overall protein architecture compared to mammalian Vipars. qPCR revealed thatviperin
is a weakly expressed transcript during embryonic developent of Atlantic cod. In
adults, the highest constitutive expression ofviperin transcript was found in blood
compared with 18 other tissues. Using isolated macrophageand synthetic dsSRNA (pIC)
stimulation, we tested various immune inhibitors to deterine the possible regulating
pathways of Atlantic codviperin Atlantic cod viperinshowed a comparable pIC induction
to other well-known antiviral genes (e.g.interferon gammaand interferon-stimulated
gene 15-1) in response to various immune inhibitors. The pIC inductio of Atlantic
cod viperinwas signi cantly inhibited with 2-Aminopurine, Chloroquie, SB202190, and
Ruxolitinib. Therefore, endosomal-TLR-mediated pIC re@mition and signal transducers
(i.e., PKR and p38 MAPK) downstream of the TLR-dependent paivay may activate
the gene expression response of Atlantic codviperin Also, these results suggest that
antiviral responses of Atlantic codviperinmay be transcriptionally regulated through the
interferon-activated pathway.

Keywords: Gadus morhua , rsad2, teleost ISGs, gPCR, dsRNA, inhibition of antiviral respon ses

INTRODUCTION

Interferon-stimulated genes (ISGs) play crucial roles agime e ectors and regulators in
antiviral immune responses of shes and other vertebratés 2). As in mammals §-5),

the antiviral response of teleosts is triggered by recoggiziiruses or “viral mimics” [e.g.,
synthetic double-stranded RNA (dsRNA): polyriboinosinic gddgcytidylic acid (pIC)] through
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intracellular Toll-like receptors (TLRs) or RIG-I-like recepto tissue expression proles, and regulating factors of Atlanti
(RLRs), thereby activating transcription factors and enhagci cod viperin remained unknown. In this study, we aimed
the production of type | and Il Interferons (IFNsB(9). Secreted to fully characterize Atlantic codviperin at the nucleotide
IFNs initiate the Janus kinase-Signal transduction andvatir  and hypothetical amino acid (AA) levels, and determine its
of transcription (JAK-STAT) signaling pathway that enhancedissue distribution, developmental expression, and siggali
the transcription of ISGs (e.guiperinandisgl) containing IFN  pathways underlying its gene expression regulation during
gamma (IFNG)-activated sequences (GAS) and/or IFN-sigasit antiviral response.
response elements (ISRE) in their promoteis/( 10).

Virus inhibitory protein, endoplasmic reticulum (ER)-
associated, IFN-inducible (Viperin), also known as Rad&al MATERIALS AND METHODS
adenosyl methionine (SAM) domain-containing 2 (RSAD2) or . .
Virus-induced gene 1 (VIG1), is an antiviral protein, highly G€ne Cloning, Sequencing, and Sequence
inducible by pIC, lipopolysaccharide (LPS), viruses, andésiact Assembly
(11, 12). The expression of mammaliaviperin is induced via Gene-speci ¢ primers (GSPs) for rapid ampli cation of cDNA
IFN-dependent and independent pathways, both of which magnds (RACE) were designed (s€éable 1) using Primer3web
be activated by detection of viruses or dsRNA through a member4.0.0 (http://primer3.ut.ee/) and the partial sequence ddAtic
of the RLR family and activation of transcription factors (e.g codviperin(obtained from NCBI GenBank). A pool of column-
IFN regulatory factor 3, IRF3)1¢-14). Mammalian Viperin puried RNA samples from the spleens of 10 Atlantic cod
localizes in the ER-derived lipid droplets and inhibits viralinjected with pIC and sampled at 24 h post-injection (HPI) (5
replication [e.g., hepatitis C virus (HCV) and inuenzalZ mg RNA per sample) was used as RNA template for the RACE
14). Viperin expression enhances the TLR-mediated productiomDNA synthesis [see Inkpen et aBg) and Hori et al. 83) for
of type | IFN via forming a signaling complex consisting of experimental design].
Interleukin-1 receptor-associated kinase (IRAK1) and Tumo All PCR reactions in the present study were conducted on
necrosis factor receptor-associated factor 6 (TRAF6) orl lipia Bio-Rad Tetrad 2 Thermal Cycler (Bio-Rad, Hercules, CA).
bodies and facilitating the nuclear translocation of IRE3)( Full-length % and ¥ RACE cDNAs were synthesized using 1

In addition to mammals, antiviral responsivenessvigderin - mg total RNA and the SMARTer RACE cDNA Ampli cation
was also observed in teleosts [reviewed Ky)](and an Kit according to the manufacturer's instructions (Clonkgc
invertebrate species, i.e., Paci c oys@rdssostrea gigdé7,19.  Mountain View, CA). The resulting%and #RACE cDNAs (i.e.,
Teleoswiperinhas been characterized and shown to be a pIC and0 ml reaction) were diluted by adding 106 of Tricine-EDTA
LPS-induced gene in various species, i.e., tilaPiee@¢chromis bu er and used for RACE PCR. A touch-down PCR [cycling
niloticug, annual sh (Nothobranchius guenthgrand red drum  program: 1 min at 95C; 5 cycles of (94 for 30s, 72C for
(Sciaenops ocellaju&, 16, 19-21). In addition, Atlantic salmon 3 min); 5 cycles of (94C for 30 s, 70C for 30 s, 72C for 3 min);
(Salmo salgr and crucian carp Carassius auratyisviperin 25 cycles of (94C for 30s, 68C for 30s, 72C for 3 min); and
gene expression was induced in response to infectious salmdn nal extension cycle of 7Z for 10 min] was conducted in
anemia virus (ISAV) 22 and grass carp reovirus (GCRV) 50m reactions using the Advantage 2 Polymerase, Advantage 2
(23), respectively, and Viperin exhibited antiviral activityg@igst PCR bu er, dNTP Mix (Clontech), and GSPs (i.giperinGSP;
megalocytivirus in rock breamQplegnathus fasciajug24). Table ) as well as Universal Primer Mix provided by the kit
As in mammals,viperin was shown to be an IFN-induced (Clontech), following the manufacturer's instructions. Thafter,
gene in zebra sh Danio rerig (25, and crucian carpviperin 5 mi of the ampli ed 5 and ¥ RACE products were diluted 50
was suggested to be transcriptionally regulated via the RLRmes using Tricine-EDTA bu er and used for nested PCR. The
activated IFN pathway 23). Although sh Viperins share nested PCR was performed in B0reactions, using Nested GSPs
some characteristics with their mammalian counterparts th(i.e.,viperinNested GSPTable 1) and Nested Universal Primer
mechanisms involved in Viperin responses to immunogenigrovided by the kit (Clontech), following the manufacturer's
stimuli are not well-understood in shes. Additionally, i instructions. The cycling parameters for nested RACE PCR
gene/protein is not fully characterized in several teleostlels.  consisted of 1 min at 9%, followed by 20 cycles of (92 for

In addition to its importance in Atlantic sheriesq6), Atlantic  30s, 68C for 30's, 72C for 3min), and 1 nal extension cycle at
cod (Gadus morhupexhibits a unique immune system among 72 C for 10 min.
teleosts?7). Genomic studies have indicated that the Gadiformes PCR products were examined on 1.2% agarose gel, and
lineage, including Atlantic cod, lack Major histocompaliyi then were extracted using the QIAquick Gel Extraction kit
complex Il (MHC Il), CD4, Mx, and TLR5 genes, and show(Qiagen) according to the manufacturers recommendations
a unigue expansion of genes including MHC | and TLR2ZTA cloning of gel-extracted PCR products was performed
(28-30). Using transcriptome pro ling of antiviral responses, using pGEM-T-Easy vector (Promega, Madison, WI) at4
several ISGs includingiperin were previously identied in overnight, using the manufacturer's instructions. Reconalin
Atlantic cod. viperin displayed a strong induction in the plasmids were transformed into Subcloning E ciency DE5
brain of nodavirus carrier sh, the spleen and brain of pIC- Competent Cells (i.e., chemically-competent cells) (Invitrgge
injected sh, and macrophages stimulated with pIC, but notBurlington, Ontario) following the manufacturer's instrtions.
LPS g1-35. However, the full sequence, developmental and he transformed cells were incubated in 380f SOC medium
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TABLE 1 | Primers used for the gene characterization and expressiontsdies.

Primer name Primer sequence (5 0—3(5 Application Ampli cation Amplicon
ef ciency (%) size (bp)

GENE CHARACTERIZATION PRIMERS

viperinGSP Forward AGACGTCTTTCGTCCTGCCTTTGGAT %RACE PCR N/A N/A
Reverse CCCATGTCTGCTTTGCTCCACACATA 4BACE PCR

viperinNested GSP Forward CATCTTGGCCGTTTCCTGTGACAGTT %RBACE PCR N/A N/A
Reverse GCATCTTCTGATTGGACTCGGGTACG OBACE PCR

viperinORF GSP Forward AATTTGAACCATGGTGCCGG ORF-PCR N/A 1,060
Reverse TATCCATCACCACTCCAGGC ORF-PCR

gPCR PRIMERS

viperin Forward TGTTTCCACACAGCGAAGAC gqPCR 88.7 108
Reverse TCCGCCAGAGAAGTTGATCT gPCR

ifng Forward TCGCTCTTCATGTTGGTCTG qPCR 99.8 121
Reverse GGCCTTTCTGTGGATGTTGT gPCR

isg15-1 Forward AGGACCAACAAAGGCTGATG gPCR 88.8 110
Reverse CAGCCGTCCGTTAAGGTAGA gPCR

lgp2 Forward ACAGAAGCCATCGCAGAAAT gPCR 98.1 105
Reverse TTTTGCAGCACGAATCAAAC gqPCR

illb Forward AACACGGACGACCTGAAAAG gPCR 93.1 126
Reverse GCTGATGTACCAACCGGAGT gPCR

eefla Forward CAACGTCAAGAACGTCTCCA gqPCR 88.7 197
Reverse TGAGCTCGTTGAACTTGCAG qPCR

rplda Forward GGTGCCATACAGCTGATCCA qPCR 94.7 123
Reverse CCAGGCATCACACTGCAGAA gPCR

tubb2 Forward AGCCTGGCACTATGGACTCTGT gPCR 91.4 129
Reverse GCTCGGCTCCCTCTGTGTAG gPCR

eif3 Forward AACTGTCCGTAGTCCGCAAG gPCR 99.7 125
Reverse CTGCTCAGCGAGAAACAGAA qPCR

rplpl Forward TCTGAAGCTAAGGCCCTCAA gqPCR 92.7 141
Reverse ATCGTCGTGGAGGATCAGAG gPCR

GSPs, gene-speci ¢ primers; ORF, open reading frame; viperin, nis inhibitory protein, ER-associated, IFN-inducible; ifng, interferon gama; isg15-1, interferon stimulated gene 15-1;
Igp2, RNA helicase Igp2; il1b, interleukin 1, beta; eefla, eukaryotalongation factor 1 ; rpl4a, 60S ribosomal protein |4-a; tubb2, beta-2 tubulin; eif3, eukaryotic translatn initiation
factor 3; rplp1, 60S acidic ribosomal protein P1; N/A, not applicable.

(Invitrogen) for 1 h at 37C with shaking ( 225 rpm), and then and assemble the full-lengthiperin cDNA. GSPs amplifying
cultured on Luria broth (LB)/agar plates containing #®m1 *  the open reading frame (ORF) were designed (Fable 1)
ampicillin and 40ml plate * of 40mg ml 1 X-gal (Sigma, St. to verify the sequence assembly of full-lengtiperin The
Louis, MO) for 16 h at 37C. Thereafter, colonies were taken ORF PCR was performed using the TopTag polymerase kit
using blue/white selection and cultured in LB supplementedQiagen, Mississauga, Ontario) and cDNA of plC-stimulated
with ampicillin (100 mg ml 1) at 37 C overnight. Plasmid Atlantic cod macrophages (i.e., pIC sub-group of no-inhibito
DNA was extracted using QlAprep Spin Miniprep Kit (Qiagen),treatment in the macrophage stimulation experiment; see
following the manufacturer's instructions. The inserteszof section Macrophage lIsolation and Stimulation) in a &9
recombinant plasmids were checked usiBgdrl (Invitrogen) reaction. The PCR reaction was composed afil2of cDNA
digestion and agarose gel (1%) electrophoresis. Four caloni@epresenting 10 ng of input RNA; see section qPCR Assays
from each 8and ® RACE products were used for sequencingfor the cDNA synthesis method), 08V each of forward
performed at the Genomics and Proteomics (GaP) facilityand reverse GSP, Bl of 10X TopTag PCR buer, 1.25U of
Core Research Equipment and Instrument Training (CREAIT)TopTaq DNA Polymerase, and 26®1 of each dNTP, with
network, Memorial University of Newfoundland. Sequencingthe following PCR program: initial denaturation of 3min at
was conducted using an ABI 3730 DNA Analyzer with BigDye94 C, followed by 30 cycles of (92 for 30s, 60C for 30s,
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems{2 C for 2min), and 1 nal extension cycle at 72 for
Foster City, CA). 10 min. The size of the resulting PCR product was determined

Lasergene 7.20 software (DNASTAR, Madison, WI) was usday gel electrophoresis (1.2% agarose) alongside a 1kb Plus
to acquire overlapping sequence frofiahd ¥ RACE products Ladder (Invitrogen).
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Sequence Characterization and in silico estimated by I-TASSER. The majority of the Atlantic cod Viperi
Analyses was homology-modeled based on the mouse partial Viperin

The AA sequence of Atlantic cod Viperin was predicted base§rystal structure with the exception of the rst 56 N-termingAs
upon assembled cDNA sequence using the SeqBuilder softwa#ad the last 23 C-terminal AAs which were missing from crystal
ofthe Lasergene package (DNASTAR). To map the gene structugfucture and, therefore, were modelet initio by I-TASSER.
and determine intronic regions and genomic location, the\®  The same approach was used to model the full-length mouse
sequence ofiperinwas aligned with genomic DNA sequence of ViPerin as well as zebra sh, Atlantic salmon, and humatomo
Atlantic cod obtained from the Ensembl (http:/www.ensembl SapiensViperins. Both [4Fe-4S] cluster and Radical SAM analog
org) and Centre for Ecological and Evolutionary Synthesi§S-adenosylnomocysteine; SAH) were manually placed in the
(CEES: http://cees-genomes.hpc.uio.no) Genome Browsees. Tcatalytic pocket of the Atlantic cod Viperin. The surface gjear
AA sequences of Viperin of other sh species, as well as othéid the isoelectric point of Atlantic cod and full-length mee
vertebrate and invertebrate species Gapplemental Table S)i Viperin were estimated using the PDB2PQR server (http://nbcr-
were collected from the NCBI GenBank non-redundant (nr) AA222.ucsd.edu/pdb2pqr_2.0.0/). Prediction of natively disoed
database, and used for multiple sequence alignment (MSA) ariggions of Viperin was conducted using the default parameters of
phylogenetic tree construction. MSA analysis of predicted A4he Protein disorder prediction server (PrDOS) website (ffttp:
sequences of Atlantic cod Viperin with orthologous sequencePrdos.hgc.jp/cgi-bin/top.cgi).

in other species was implemented in MEGA®6 software using the |

MUSCLE featured7, 38). The Radical SAM domain of Atlantic Animals

cod Viperin was predicted using the PFAM database (http:/pfam! he Atlantic cod used in this experiment were kept in two
xfam.org/) G9). The deduced AA sequences of Viperin homolog2l M ow-through tanks (one tank for broodstock sh and
were aligned and used to generate a phylogenetic tree usif§€ tank for sh used for tissue sampling and macrophage

the Neighbor-joining method in MEGA6 software (bootstrappedisolation) with optimal conditions (5.2-6.€, 95-110% oxygen
10,000 times). saturation and under an ambient photoperiod) in the Dr. Joe

conserved synteny with other species were mapped usirfgentre (OSC). The sh [2.29 0.42kg (mean SE)] used
the Genomicus database (http://www.genomicus.biologefign  for tissue sampling and macrophage isolation were fed 3 days
powered by the Ensembl database. The neighboring genes agekly (i.e., 1% body weight per feeding time) with a comnag:rci
genomic location of Atlantic codviperin were also conrmed diet (Skretting, BC, Canada; crude protein 50%, crude fat 18%
using CEES Genome Browser (http://cees-genomes.hpc.yio.nénd crude ber 1.5%). The broodstock sh were fed mackerel,
To gain insight into transcriptional regulation of Atlantic herring and squid supplemented with vitamins 2 days per
cod viperin putative transcription factor binding sites (TFBSs)Week before and during spawning season. Fish (i.e., foretissu
were predicted in the proximal promoter region of this gene.Sa8mpling and macrophage isolation experiments) were fasted
The 1,000 bp %upstream of the transcription start site of 24h and euthanized with an overdose of MS222 (400 my L
Atlantic cod viperin were taken from genomic DNA sequence, Syndel Laboratories, Vancouver, BC) prior to the sampling. Al
available at CEES Genome Browser (http://cees-genomes.hpEocedures applied in the current investigation were approved by
uio.no/). Putative TFBSs were identi ed using the vertébsa the Memorial University of Newfoundland's Institutional Aniah
prole of the TRANSFAC database (http://genexplain.comlcare Committee, according to the guidelines of the Canadian
transfac/). This prediction was performed using the defaulCouncilon Animal Care.
parameters (i.e., Minimize False Positives) suggested by the .
TRANSFAC database, and the predicted TFBSs (corescaig) |1 1ssue Sampling

with putative functions in immune responses were selected anfio evaluate the constitutive transcript expressiorvigferin in
presented herein. various tissues of adult Atlantic cod, four individual®(j.2 male

and 2 female) were used. Following euthanasia and dissection

samples were collected from 19 dierent tissues (i.e., blood,
Prediction of Viperin Protein Structure eye, brain, gill, heart, head kidney, posterior kidney, spleen,
The recently-described partial mouskls musculusViperin  liver, gonad, stomach, pyloric caecum, midgut, hindgut, sébr
crystal structures were used as templates for homology nmagleli skin, ventral skin, dorsal muscle, ventral muscle, and n) of
(4043). The templates were retrieved from the Researcleach individual; the samples were immediately ash-frozengisin
Collaboratory for Structural Bioinformatics—Protein @aBank liquid nitrogen and kept at 80 C until RNA extraction.
(RCSB-PDB) (https://www.rcsb.org/; PDB ID: 5VSL and 5VSM).
PYMOL v1.7.6 (http://www.pymol.org/) was used to visualizeSampling for Developmental Series
templates and models. Atlantic cod Viperin was computationallyThe oating fertilized eggs were automatically collectdtera
modeled using default parameters of I-TASSER (http://zhamgl overnight communal spawning. Then, 1.4 L of fertilized eg@gs, (
ccmb.med.umich.edu/lI-TASSERAX43). Twenty models were 2-cell to  64-cell embryos) [henceforth referred to as the zero
generated of which four models with the highest C-score-( days post-fertilization (DPF), or Day 0] were distributed ant
1.8) were further analyzed. C-score (rang® to 2), which three 50L conical incubator tanks (350 ml of eggs per tank wit
indicates the con dence of the quality of the predicted modeds 25L h 1 ow rate and gentle aeration. The fertilized eggs were
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incubated and kept in these tanks until yolk-sac absorpti@gset The cells were incubated with inhibitors for 1h. Afterward,
(i.e., 20 DPF; before active feeding) at 5.5-®6.and under an macrophages from each sh under di erent inhibitor treatment
ambient photoperiod. The developmental stage of embryos was controls (2 wells per group) were exposed to eithemgn| 1
determined daily 44). The embryos were in blastula/gastrulaplC (34) or PBS (51 of pIC solution or PBS mlt of L-15C). The
stages from 1 to 6 DPF (34.4 degree-days). The segmentationlture medium of all groups in this study contained an ideat
period began at 7 DPF (40.2 degree-days), and the golden dgsel of PBS (i.e., 3818 ml 1 of L-15C). The macrophages
stage was observed at 12 DPF (68.5 degree-days). Hatchfmgm each individual were incorporated into all experimental
started at 15 DPF (86.2 degree-days), and 100% of the embryg®ups (i.e., 16 conditions in total; 5 biological replicafes
were hatched by 18 DPF (103.9 degree-days). To stimhrin - group). Our previous study determined the time-dependent
expression during early developmental stages, embryds(ml)  plC responses of Atlantic cod macrophagég)( and based on

or larvae ( 0.4ml) were sampled daily (i.e., 0-20 DPF) fromthese results the 24 h post-stimulation time point was selected
each incubator tank (i.e., one pooled sample from each replicater assessment of gene expression responses of macrophages in
tank per dayn D 3), using 500mm Nitex. The collected (180 the current study. The samples were collected 24 h after pIC
embryos or larvae per sample) samples from each tank westimulation by removing the media and adding 860 TRIzol
then ash-frozen using liquid nitrogen and kept at80 C until  (Invitrogen, Burlington, ON) into each culture well plate. T/RI-
RNA extraction. lysed samples were kept aB0 C until RNA extraction.

Macrophage Isolation and Stimulation RNA Extraction and Puri cation
Atlantic cod macrophages were isolated from the head kidoéys Total RNA was extracted using TRIzol (Invitrogen) following
5 individuals as described in Eslamloo et a4,@45). All reagents  the manufacturer's instructions. RNase-free (i.e., baketatC
(e.g., culture medium) and equipment used in this experimentor 7 h) ceramic mortars and pestles were used to homogenize
were identical to Eslamloo et al34). Briey, following sh  the rm tissues (i.e., eye, gill, heart, stomach, pyloricctame,
dissection, the macrophage-like cells isolated from eahlwere  midgut, hindgut, dorsal skin, ventral skin, dorsal musclentval
seeded into 6-well plates (Corning, Corning, NY) at an equammuscle, and n), whereas other tissue and developmental
density of 3 10’ cells (in 2ml L-1&) per well (16 wells per samples were TRIzol-lysed using RNase-Free Disposable Pellet
sh). The cells were cultured in Leibovitz's L-C5[i.e., L-15 Pestles (Fisherbrand). Then, the homogenates of tissue and
(Gibco, Carlsbad, CA) culture medium supplemented with 2 mMdevelopmental samples were passed through QIlAshredder
L-glutamine, 4.2 mM NaHC@, 25 mM HEPES, 1.8 mM glucose, (Qiagen) spin columns and used for RNA extraction following
100U ml 1 penicillin, 100mg ml 1 streptomycin (Gibco) and the manufacturer's instructions. The TRIzol-lysed macrophage
1% fetal bovine serum (FBS; Gibco)] overnight at@0Orhe non-  samples were also processed for RNA extraction according to the
adherent cells were then removed by washing the cultureedishmanufacturer's recommendations.
3 times with L-1%. Prior to purication, RNA samples (50 mg) in all

The immune inhibitors used in this study were purchasedexperiments were treated with 6.8 Kunitz units of DNasel
from InvivoGen (San Diego, CA), and the stock solutions wergQiagen) with the manufacturer's bu er (1X nal concentraih)
prepared using the manufacturer's instructions. The e ectivdfor 10 min at room temperature to remove residual genomic
doses of dierent immune inhibitors used in this experiment DNA. RNA puri cation of adult tissue and developmental
were obtained from previously publishea vitro-based studies series samples (see sections Tissue Sampling and Sampling for
in sh (4649, except for Ruxolitinib (RUX) for which dose Developmental Series) was performed using the RNeasy Mini
was based on aim vitro study on mammalian cells50). 2-  Kit (Qiagen), whereas macrophage samples were puri ed using
Aminopurine (2-AP), dissolved in phosphate-bu ered salinethe RNeasy MinElute Cleanup Kit (Qiagen) according to the
(PBS): glacial acetic acid (AcOH) (200:1) was used at 5mM asanufacturer's instructions. RNA concentration and qualitere
an inhibitor of double-stranded RNA-activated protein kimas assessed using NanoDrop spectrophotometry (ND-1000), and
(PKR) (48). Chloroquine (CHQ), dissolved in water, was usedRNA integrity was assessed by agarose gel electrophoresis (1%
at 80mM as an inhibitor of endosomal TLR4Q). In addition, agarose). All column-puried RNA samples subjected to gene
Dimethyl sulfoxide (DMSO)-dissolved Resveratrol (RESV) anéxpression analyses in this study showed acceptable purity (i.e
SB202190 (S90) were utilized atr8@ for inhibiting Nuclear A260/230 and A260/280 ratie4..8) and integrity (i.e., tight 18S
factor kappa-B (NFKB) and p38 Mitogen-activated proteinand 28S ribosomal RNA bands).
kinase (p38 MAPK) pathways, respectively, (47). To inhibit
JAK1/JAK2, DMSO-dissolved RUX was used ab(50). The (PCR Assays
pIC (Sigma-Aldrich) was dissolved in PBS at 10mg fnind  cDNA synthesis was performed using RNA of each sample (i.e.,
used as a stock solution in the present experiment. Starting mg total RNA for macrophage samples ornfy total RNA
24 h after seeding, Atlantic cod macrophages isolated frorh eafor adult tissue and developmental samples), random primers
sh were exposed to 5 inhibitors (i.e., 2 wells per inhibitor fo (250 ng; Invitrogen), Inl of dNTPs (10 mM each; Invitrogen)
each sh). Moreover, macrophages from each individual werand M-MLV reverse transcriptase (200U; Invitrogen) in the
subjected to PBS, DMSO (0.5 ml 1 of L-15C), or AcOH  manufacturer's rst-strand bu er (1X nal concentration) fad
(0.17m ml 1 of L-15C) as control conditions (i.e., a total of DTT (10mM nal concentration) at 37C for 50 min following
8 experimental groups; 2 wells per condition for each sh).the manufacturer's instructions.
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The gPCR assays in the current study were designed arihportant roles in antiviral responseg,(16), and they showed
performed on the basis of the Minimum Information for a strong pIC induction in Atlantic cod macrophage34], we
Publication of gPCR Experiments (MIQE) guidelingsly, The included them in gPCR assays as positive biomarkers of aalivir
gPCR analyses (including an inter-plate linker and no-tertgpla responses. On the other hand, sind&b is an antibacterial
controls) were conducted using a ViiA7 Real-Time PCR systerand pro-in ammatory biomarker in sh macrophages58),
(Applied Biosystems, Burlington, Ontario) in the 384-welifat  this gene was added to qPCR assays in the macrophage
and a gPCR program consisting of one cycle ofG@or 2min, experiment as a negative biomarker for the inhibition of
one cycle of 95C for 10 min, and 40 cycles of (96 for 15s and targeted pathways.

60 C for 1 min), followed by a dissociation curve analysis (leycl The gPCR assays for samples of each experiment were
at 60-95C in increments of 0.0%C per second). Fluorescence performed in triplicate using 4 ng (macrophage samples) or 10
data detection occurred at the end of each cycle. gPCR assangs (adult tissue and embryonic and early larval development
(13 m) were comprised of 6.51 Power SYBR Green Master samples) of input total RNA per reaction. The performance of
Mix (Applied Biosystems), 50 nM of each forward and reversassays between gPCR plates used in a given experiment was tested
primer (0.52ml of forward and 0.52m of reverse primers per using an inter-plate linker sample {C(threshold cycle) value
reaction), 1.46m nuclease-free water (Gibco) andrd cDNA  variations< 0.5] as well as no-template controls. ViiA7 software
(corresponding to 4 ng of input total RNA for macrophage v1.2.2 (Applied Biosystems) was applied to calculate the relative
samples or 10 ng of input total RNA for adult tissue andquantity (RQ) values, relative to a calibrator sample (iaamle
developmental samples). with the lowest normalized expression within each experiment)

The primer sequences in this study were obtained from oufor the gene of interest, using ther@alues (i.e., gene of interest
previous study $4) (seeTable 1). Prior to the gPCR assays, and normalizers) and the ampli cation e ciency of each primer
the primer quality tests were conducted in triplicate using-a 5 pair (se€Table 1).
point, 3-fold serial dilution of the given cDNA template [stang The gPCR results (RQ values) of tissue and macrophage
with cDNA representing 10 ng (macrophage experiment) or 2@&xperiments were statistically analyzed using the Prism ggcka
ng (adult tissue and developmental experiments) of input total6.0 (GraphPad Software Inc., La Jolla, CA). The Kolmogorov-
RNA] as well as a no-template control. The cDNA templateSmirnov test was performed to check the normality of the data.
used for primer quality tests in the macrophage experimenfhe transcript expression data in the macrophage experiment
was a pool of 3 individual pIC-stimulated samples, whereas theere analyzed using a repeated measures two-way ANOVA
template used for primer quality tests in the adult tissue andest designed for randomized-block experiments, whereas th
developmental studies was a pool of di erent adult tissues anttanscript tissue expression data were analyzed by a one-
developmental samples. Each primer pair selected for gqPORay ANOVA test. These analyses were followed by Sidak
assays showed an absence of ampli cation in the no-templataultiple comparisongost hodests to determine the signi cant
controls, an amplicon with a single melting peak (i.e.,noenite  di erences @ 0.05) between adult tissues as well as between
of primer dimers or non-speci ¢ products in the dissociation and within the groups in the macrophage experiment. The gqPCR
curve), and ampli cation e ciency 62) ranging from 88 to results from the developmental study were not subjected to
100% Table 1). statistical analyses.

To identify suitable normalizer genes for gPCR assays,
the expression of candidate normalizers in adult tissue,[i.e
cyclophilin a(cypg, 60S acidic ribosomal protein (®dpl), RESULTS
60S ribosomal protein 14@pl4a), beta-2 tubulin(tubb?), heat L . . .
shock cognate 70 kDfasc7), eukaryotic translation iniiation Characterization of Atlantic Cod  Viperin
factor 3 (eifd, and eukaryotic elongation factor 1 (eefld, Sequence
embryonic and early larval stagesyfpa, eif3, eeflaubb2,and  Assembly of RACE sequencing reads ¥iperin validated by
beta-actin and macrophage stimulationpfotein phosphatase ORF PCR, generated a 1342 bp cDNA sequence (excluding poly-
1, catalytic subunit, gamma isozynippplcy cypa rplpl, A tail) (GenBank accession: MH2799Flgure 1). As predicted
rplda, tubb2 eif3 and eefld experiments was assessed inusing SeqBuilder, the Atlantic codperin cDNA consisted of
duplicate using 50% of the samples from each experimena 55 bp SUTR, 1044 bp (347 AA) ORF and a 243 bf 3
The expression results were subjected to geNorm analysig usidTR. Also, three polyadenylation signal (AAUAAA) sequences
gBase software as in Eslamloo et &4)( The normalizers were found in the 8UTR (Figure 1). As determined by CEES
expressed comparably (i.e., with lowest M-value, a measuamd Ensembl databases, Atlantic cdderin contained 6 exons
of transcript expression stability) in samples were selecte@e., 1: 359 bp, 2: 162 bp, 3: 230 bp, 4: 150 bp, 5: 33
for qPCR assays of adult tissueefla rplda, and rplpl), bp, and 6: 408 bp). This gene is located on Linkage Group
embryonic and early larval developmeneif@ and tubb?, (LG) 5 of the Atlantic cod genome (CEES, LG05:12624935-
and macrophage stimulatiorrglpl and eefla experiments. In 12621299). Atlantic codviperin is located downstream of
addition to viperin, the expression levels of Atlantic cadlthg, cytidine monophosphate (UMP CMP) kinasgcthpk3d and
interferon stimulated gene 15{isg15-), RNA helicase Igp2 upstream ofring nger protein 144rnfl44 and shows synteny
(Igp2 aliasdhx59 and interleukin 1 betgillb) were measured similarity to zebrash and human.Figure 2 illustrates the
in macrophage samples. Sinégfg, isgl5-land Igp2 play genomic organization of the Atlantic codiperin gene and
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transcription start
1
aagaagagcagaacgcggctcctgcagtcattgatacgttttccaaatttgaacce 55
56 ATGGTGCCGGTGATGTTTTTGCGATTTTGGACCGCAATCAAATCCATGATCTCGAGTCTGATCTCAAACTTCCATTTGAGATCAGATGAA 145
M V. P VM F L R F WTATII KSMTI S S L I S N F HUL R S D E
146 AGGAGCATCGTTCGAGGAGGAAGAGCCTCGTCCGTGAGCGGGATCCCGGACACAAAGCAGAAAGAGCGACCTGCTACTACCCCCACCAGC 235
R s I VvV R G G R A S s VvV s G I p DT KOQ K EIRUPATTP T S
236 GTCAATTACCACTTTACGCGCAAGTGCAATTATAAATGCGGATTCTGTTTCCACACAGCGAAGACGTCTTTCGTCCTGCCTTTGGATGTG 325
V N Y H F T R K CN Y KCGF CVF HTAI KT S F V L P L D V
intron 1 = 558 bp
gtacaa..tgctag
326 GCAATGAAAGGACTCACACTTCTGAAGGAAGCAGGTATGGAGAAGATCAACTTCTCTGGCGGAGAGCCGTTCCTGCATGAGAAGGGAGAC 415
A M K G L T L. L. X EAGMEI KTINUVF S G GE P F L HE K G D
416 TTCCTGGGACGGTTGGTCCAGTTCTGCAAAGTGGACCTTCAGCTGCCGAGCGTCAGTGTGGTCAGCAACGGAAGCATGATCAAAGAAAAC 505
F L G R L V. Q F CK VD LOQL P S V S V V S NG S MTI KE N
intron 2 = 734 bp
gtacgt..tatcag
506 TGGTTCCGGAAGTATéECGAGCATCTGGACATCTTGGCCGTTTCCTGTGACAGTTTCAACGAGGACACCAATAAGCTGATTGGAAGAACT 595
W F R K Y G E H L DI LAV S CD S F NEDTNI KT LTIGTZRT
596 CAGGGCAGGAAGAGCCACCTGGACAACCTGTACAGAGTCAGGGACTGGTGCCGTCAGTACAAAGTGGCGTTCAAGATCAACTCTGTCATC 685
Q G R K S HL D NUIL YRV RDWUCIROQY KV A F  KTINS VI
intron 3 = 187 bp
gtaaag..gttcag
686 AACACGTTTAACATCGACGAGGACATGGCCGAGCAAATCACCCAGCTGAACCCTGTGCGATGGAAGGTCTTCCAGTGCCTCCTAATCTTC 775
N T F N I D EDMAE Q I T Q L N P V R WKV F Q C L L I F
776 GGGGAGAACGCGGGGGAGGACGCCTTGCGGGAGGCAGAGAGGTTTGTGATCAGCCCCGAGCAGTTCCAGGACTTCCTGGATCGACACAGC 865
G E N A G ED AL REA AEWZ RV FV I S P EQF Q D F L D R H S
intron 4 = 570 bp intron 5 = 247 bp
gtagga..tttaag gtaagt..ctacag
866 AGCGTCACCAGCCTCGTACCCGAGTCCAATCAGAAGATGCGTGATTCATACCTCATCCTGGATGAATATATGCGGTTCCTGGACTGCACG 955
s v T s L v P E S NQ K MR D S YL I L DEYMURUPFULUDTC T
956 GGGGGCAGGAAGGACCCGTCCAAGTCCATCCTGGACGTGGGCGTCGGAGAGGCCATCTGCTTTAGCGGCTTCGATGAGAAGATGTTTTTA 1045
G G R KD P S K S I L DV GGV G EATITCUF S GFDEI KMMT F L
1046 AAAAGAGGAGGGAAATATGTGTGGAGCAAAGCAGACATGGGCCTGGAGTGGtgatggatatcactgtgtttagagatagaccggccaget 1135
K R G G K Y V W S K A DMG UL E W
1136 gttgtagtagcatttgcactttgcatgtttatttgtataggcctatatattttacataaataaatataaatgagtaaataaattataatt 1225
polyA-signal polyA-signal
1226 agaaatgtatgtaaaaataacaaaatcaatgattgatataaacataaatgtaggagttttttgtgcattaatatgtgtttaaaaaaatgt 1315

1316 atctgtaaataaagattaatatattag 1342
polyA-signal

FIGURE 1 | Sequence and the predicted structure of Atlantic codviperin Nucleic acid sequence (excluding poly-A tail) ofiperin (GenBank accession: MH279971)
and inferred amino acid translation. The nucleotide sequem®s are numbered on both sides and the inferred amino acids @ shown below the coding sequence. The
period shows the predicted stop codon. The lower-case lettes indicate the non-coding nucleotide sequence, whereas té protein coding sequence ofviperinis
shown in upper-case letters. The intronic sequences were dermined using the Ensembl (http://www.ensembl.org) and Cetre for Ecological and Evolutionary
Synthesis (CEES: http://cees-genomes.hpc.uio.no) Genom8rowsers. Three polyadenylation signals (polyA-signal:AAJAAA) were found in the UTR.

its syntenic comparison with theviperin loci of zebrash in the N-terminus of Viperin putative orthologs. The lowest

and human. percentage of similarity (i.e., 61%) was found between Viperin
The multiple alignment of putative AA sequences of Atlanticof Atlantic cod and the ciliated protozoar,. thermophila(see

cod Viperin and orthologous sequences from other eukaryotiSupplemental Table S)i whereas Atlantic cod Viperin showed

species is shown inFigure3 This comparison revealed the highest percentage of similarity to its putative orthaog

considerable identity (i.e., 61-82%), notably in the rad®&M in teleosts, i.e., rainbow troutQncorhynchus mykis$82%)

domain, between Viperin of Atlantic cod and representativesand Orange-spotted groupeEpinephelus coioide§9%). The

of di erent invertebrate phyla [Ciliophora: (i.eTetrahymena phylogenetic tree of Viperin was constructed using a MSA of

thermophilg and Mollusca: (i.e.C. gigay or vertebrate classes putative orthologous sequences from various species (iiated

(e.g., Actinopteri, Amphibia, Reptilia, and Mammalia). Also,protozoan, amphioxus, mollusc, shes, amphibian, reptiles],bi

the radical SAM domain of Atlantic cod Viperin contained a and mammals) Figure 4). As expected, putative orthologous

conserved SAM binding motif (CXXXCXXC) (sdégure 3. sequences were grouped and sub-grouped based upon the

However, no discernible conservation in AA sequence wasdot associated phyla and classes. For example, some sh species
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A
cmpk2 viperin rnf144
Human(ch2) <J4l—TTT"O— >
Zebrafish (Ch 17) 4D > 10 kb
B
MB
24+
22
20
18-
16
14 cmpk2 viperin rnf144
- N — >
124
10+
8.
6
4 Atlantic cod viperin gene organization
2- 1 55 369 360 521 522 751 752 901 902.934 935 1099 1342
0- L|
LG5 200 bp
—— intron
Il coding portion of exon
I non-coding portion of exon
FIGURE 2 | Genome organization and syntenic correspondence of Atlait cod viperin (A) Syntenic relationship between zebra sh and humarviperin (B) Location
of viperinand its neighboring genes in the Atlantic cod genome, and thgene organization of Atlantic cod introns and exons. Blacked gray boxes show coding
(56—1099) and non-coding [QJTR: 1-55 and UTR: 1100-1342 (excluding poly-A tail)] portions of exonsespectively, and the lines connecting the exons represent
introns. The synteny was determined using the Genomicus dabase (http://www.genomicus.biologie.ens.fr)viperinwas found to be anked by cmpk2 and rnf144 in
the genomes of Atlantic cod, zebra sh and human. Arrows indiate the transcription direction of genes. Linkage Group (LJ5

within a given order [e.g., Salmoniforme®.( mykissand S. modeling prediction of full-length Atlantic cod and mouse
salap and Cypriniformes Cyprinus carpipC. auratus,and D.  Viperins (Figure 6). Comparison of the predicted structure of
rerio)] were clustered togetheF{gure 4). Moreover, specie€),  Atlantic cod Viperin to the partial crystal structure of mouse
mykiss S. salarand Esox luciuswithin the Protacanthopterygii  Viperin revealed a nearly identical overall architecturemeéy
superorder were clustered together. The Viperin of the cilatea partial pa)s-barrel folding Figure 6A). The CXXXCXXC
protozoan, T. thermophila formed a separate branch from or the radical SAM binding motif within which the cysteine
the other species in the phylogenetic tree. Interestinglyesidues ligate three iron atoms of the [4Fe-4S] cluster, and
Viperin of amphioxus Branchiostoma japonicuymand Pacic the GEE motif as well as a serine and an arginine which
oyster C. gigap were clustered together and separated fromwere shown to form hydrogen bonds with SAH, are also
other species. found to be conserved in Atlantic cod Viperin (&G126E127

In silico analysis of the Bupstream region was used to and Ssgo and Rig4 in mouse Viperin; G10G111E112 and Ses
predict the immune-related putative TFBSs that may play roleand R7¢ in Atlantic cod Viperin; Figure 6B) (40). Further,
in regulating the expression of Atlantic cadperin As shown the aromatic residues adjacent to the third cysteine in the
in Figure 5, this analysis predicted IRF3/9, STAT and ActivatingCXXXCXXC motif were also conserved in the Atlantic cod
transcription factor (ATF) motifs located in the proximal Viperin (Fgg and Ry, in mouse Viperin; s and F7 in Atlantic
promoter of Atlantic codviperin Moreover, GAS and ISRE, cod Viperin;Figure 3. To generate a soluble derivative of mouse
which are the binding motifs for IFNG activation factor (GAF Viperin for crystallization, the N-terminus region contaimy a
STAT1 homodimer) and IFN-stimulated gene factor 3 (ISGF3)suggested-helix (residues 1 to 71) was truncated0f. Our
respectively, were identi ed in the proximal promoter regioh 0 computational modeling also suggested the conservation of this

Atlantic codviperin N-terminus a-helix in the Viperin of Atlantic cod, zebra sh,
o ) ) _ Atlantic salmon and humanSupplementary Figure S|L As is
Structure Prediction of Viperin Protein the case for the mouse proteir(), the Viperins of the Atlantic

The recently-described partial mouse Viperin crystal stioes cod as well as the aforementioned other species were also
(PDB: 5VSL, 5VSM) were used as templates for homologgredicted to have an intrinsically disordered N-terminal i@y
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* 20 * 40 * 60 *
Atlantic cod : —E—V—PV—M——FLR—FW—I IKSMISSL-ISNFHLRS-DER-SIVRG-GR-ASSVSGIPDTKQKER-P-AT- 76
Orange-spotted grouper : MRYWSGLKM-KFSSALVSLRILLQLCIRTVHDISASLFSTVWYWTPGVCR-GASVVSTADREVDQKEVCNVM 920
Zebrafish : QL-CV-K-NVQS-FF-LAILR-WLSMCVSGAHV-Q-Q-T-EA-RKISR-PES-R-TSKQKEGSRAP-FT- 75
Rainbow trout : FLQRC-M-SFLQCIF-AAYIA-WIGVRGQCVHGAS-Q-F-SS-TGKVN-EATIK-VVNNVI-SQ-A-SA- 77
Pufferfish : HF-SS-V--IVS-PI-L-/LQ-FCIRTLCNLWSSV-F-L-NV-RR-PS-DDSTI-LPDGKA-EQ-T-AT- 72
Mouse : IV-PTALAARLLSLFQQQOIGSIWSGIAILFCWLRIALGWLDPGKEQPCVRGELEETQETQEDGNSTQRT - 89
Human : MAVLTEAAFAGKLLSVFRQPISSIWRSIVPLFCWLRA-TFWLLATKRRKQ-QILVLRGPDETKEEEEDPPLPT 920
Chicken : LL-GV-LDHLPIALA-RAYIAALRGRLSALCWGLTPLVL-PLLSWRRR-SGPDTEAAPREDKDE-T-VP-! 83
Western clawed frog : —L-PL-F-ALEM-ME-M-{SAVWGNFKFLLHSINIFFFW-CWLEILGK-QKT-SPLTRKPEPEDGT-KV- 79
Alligator : —-L-RLPL-ALAA-IV-LRALR--SPLSFLG-WS-L-A-S-FW-PRL-R-1V-LRG-S-GP--SR-G-—-P- 67
Pacific cyster : -A--I-T-QYVS-IATIP/LIILSAF-IA-VWIKSRRNR-RP-PQIPI-NVRVEDQTTTKE-GE-P-SL— 76
Tetrahymena : —I—GT—Y—NLTA—IF—CETA IS-L-TL---I-A-L-I-KI-AQ-AK-F--F--L-K-K--DK-L-FR-E--EJ§i¥§: }¥ 59
* 180
Atlantic cod EHAS®VEehE : 168
Orange-spotted grouper 182
Zebrafish 167
Rainbow trout 169
Pufferfish 164
Mouse 181
Human 182
Chicken 175
Western clawed frog 171
Alligator 159
Pacific cyster 168
Tetrahymena 149
Atlantic cod E > 3 3 < 5 g6 INEVRWKVFQCLLI}3GE E R : 258
Orange-spotted grouper : ) 5 < g < M IS¢ INEVRWKVFQCLLIRGE oA 1 272
Zebrafish : ) H3 A $ 9 < Y INEVRWKVFQCLLIJ2GE E : 257
Rainbow trout : B) SH 38 W 3 < Fe2INEVRWKVFQCLLISGE >R = : 259
Pufferfish s ) H: 4 q UM LD EVRWKVFQCLLI GE > E, : 254
Mouse : ! A ) < b K 9 { M KA IE]?VFW}\'VFQCLLI GE E : 2711
Human : 5 < ) K < 5 W INEVRWKVFQCLLI}2GE > >R s 272
Chicken 2 5 < P < M W INEVRWKVFQCLII|I2GE E : : 265
Western clawed frog : ) 3 $ $ E3¢ INPIRWKVFQCLII)2GE > AYE 261
Alligator s E: 2 SR ) K WATNEVRWKVFQCLLIBGE E - 1 249
Pacific cyster S < E 260
Tetrahymena 239

Atlantic cod 19) 347
Orange-spotted grouper {e) 361
Zebrafish 19} 346
Rainbow trout Q) 348
Pufferfish H (o) 343
Mouse : 2 F) 3} 360
Human : “EJE! 361
Chicken : ZDIJE:! 354
Western clawed frog H K 350
Alligator 13 338
Pacific cyster K 349
Tetrahymena D 327

FIGURE 3 | Multiple alignment of Atlantic cod Viperin deduced proteisequence with putative orthologous sequences obtained frm the NCBI protein database. As
identi ed by GeneDoc, black shading with white font shows thel00% conserved residues among the putative orthologous segences. Dark gray shading with white
font and light gray with black font denote 80 and 60% conservion among the residues, respectively. The numbers show theelative positions of the amino acid
residues of Viperin putative orthologs. The Radical SAM doain of Viperin was predicted using the PFAM database (httppfam.xfam.org/), and it includes a
conserved SAM binding motif (CXXXCXXC) (i.e., marked withgaay line within the Radical SAM domain). Atlantic codsadus morhug), Orange-spotted grouper
(Epinephelus coioide3, zebra sh (Danio rerig, Rainbow trout Oncorhynchus mykis9, Puffer sh (Takifugu rubripeg, Mouse Mus musculus), Human Homo sapiens),
Chicken Gallus gallug, Western clawed frog Xenopus tropicali9, Alligator Alligator mississippiensiy Paci ¢ oyster (Crassostrea giga9, Tetrahymena Tetrahymena
thermophilg). See Supplemental Table S1 for GenBank accession numbers and the percentage of sequere similarity to Atlantic cod Viperin.

(Supplementary Figure SR, thus allowing for a lower degree of charge analysis of cod Viperin revealed that most AA
con dence for prediction of this region. di erences between Atlantic cod and mouse Viperin were
The majority of the AA dierences between the Atlantic replacing negative/neutral AAs with more positively-
cod and mouse Viperins are located in tha-helices charged residues, thus increasing the isoelectric point
and loops forming the surface of the protein, while the(pl) of the Atlantic cod Viperin compared to its mouse
core of the protein forming the potential catalytic pocketcounterpart (mouse Viperin: charge at pH D  5.61,
cavity remained remarkably conserved (ldentiy 65.1%; pl D 5.89; Atlantic cod Viperin: charge at pH D C3.78,

homology D 77.7%; Figures6C,D. Strikingly, surface pl D 8.61;Figure 6B).
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44 Siniperca scherzeri
Siniperca roulei

Siniperca undulata
Coreoperca whiteheadi
Coreoperca kawamebari
Oplegnathus fasciatus
Sciaenops ocellatus
Oreochromis niloticus
Channa argus
Epinephelus coioides
Anoplopoma fimbria
Xiphophorus maculatus
Takifugu rubripes

99 Cyprinus carpio
4”|:|: Carassius auratus
Danio rerio
Esox lucius
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FIGURE 4 | Molecular phylogenetic analysis of Viperin in various spess. Putative Viperin amino acid sequence of Atlantic cod ahthe Viperin sequences from other
species obtained from NCBI protein database were used to iefr the evolutionary relationship among Viperin orthologs¢e Supplemental Table S1 for GenBank
accession numbers and the percentage of sequence similasitto Atlantic cod Viperin). The phylogenetic tree was geneted by Neighbor-joining method and
bootstrapped 10,000 times using MEGAG software. The numbes at the branch points represent the bootstrap values. Brank lengths are proportional to calculated
evolutionary distances. The scale represents number of sudhitutions per site. Arrowhead shows the Atlantic cod Vipen sequence.

Constitutive Expression of Atlantic Cod

Viperin During Early and Late Life Stages
gPCR revealediperinto be a low-expressing gene (i.er,&lues
above 30) during early developmental stages of Atlantic Thd.
expression of the normalizer genes was slightly lowagure 7)

during very early Atlantic cod embryonic development (days 0

3), and this appeared to in uence the RQ valuesvigferin for

level during gastrula and early segmentation stages (dag)s #h
other words, Atlantic codriperinwas not detected at the onset
of zygotic gene expression, suggesting thpérinis a maternal
transcript. Atlantic codviperin expression increased during the
segmentation stage, and then appeared to decrease afteirfatch
The constitutive expression of Atlantic codiperin was
assessed in 19 dierent adult tissues. As shownFigure 8,

these developmental time points. Therefore, we did not stibje¢he highest expression efperintranscript was seen in Atlantic

these results to statistical analyses. However, as iltadtria
Figure 7, the expression of Atlantic codiperin was relatively
higher from mixed cleavage until the mid-blastula stages,(0—

cod blood, which was signi cantly higher than all other ties.
Interestingly, the levels ofiperin transcript in immune-related
tissues, notably head kidney and spleen, were signi cantly

2 DPF). Thereuponyiperin levels dropped to a non-detectable lower than that in blood. Additionallyyiperin transcript had
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FIGURE 5 | Putative immune-related transcription factor binding séts (TFBSs) predicted in the @upstream region of Atlantic codviperin The proximal promoter
region sequence (i.e., 1,000 bp B of the transcription start site) of Atlantic cod viperin wasaken from Centre for Ecological and Evolutionary Synthes{CEES: http://
cees-genomes.hpc.uio.no) Genome Browser, and TFBSs werengdicted using the TRANSFAC database (http://genexplainam/transfac/). STAT (Signal Transducer
and Activator of Transcription), BCL6 (B-cell ymphoma 6ATF (Activating Transcription Factor), CREB (CAMP Respoa&lement-Binding protein), ELK1 (ELK1, ETS
transcription factor), IRF (Interferon Regulatory FactopAS (IFNG-Activated Sequence), ISRE (IFN-Sensitive ResporiSiement).C1 indicates the transcription start
site of Atlantic codviperin

signi cantly higher expression in gill and pyloric caecum of viperin transcript in plC-treated macrophages was likewise
compared to the dorsal skin and liver. The transcript exprassiosigni cantly reduced in the S90 group compared to its plIC-
of viperin was relatively, but not signi cantly, lower in the treated DMSO vehicle control, suggesting that inhibitiontioé
skin, muscle and n tissues compared with some digestivAPK pathway strongly a ects Atlantic codiperininduction.

tissues (e.g., midgut). Finally, our results revealed that Atlantic cegerin may be a
o _ _ _ JAK1/JAK2-activated gene downstream of the IFN pathway, as
Pathway Inhibition and Viperin Induction there was a strong repression in the RUX-exposed pIC group

We used dierent inhibitors to gain a better understanding compared to the pIC-treated DMSO vehicle control. On the other
of the signaling pathways activating the antiviral response diand, there was no signi cant di erence between the RESV, (i.e.
Atlantic codviperin As shown inFigure 9A, 2-AP, an inhibitor ~NFKB inhibitor) group and its DMSO-matched control. Also,
of the PKR-dependent pathway, signi cantly repressed the pl@ith respect to the role afng in innate immune responses and
induction of Atlantic cod viperin compared to the AcOH- viperin induction, the expression levels dhg as well as two
matched control. There was no signi cant di erence betweenimportant IFN-induced genes, i.ésg15-landlgp2 were assessed
group-matched PBS and AcOH controls, showing thiterin  in the macrophage samplesrigures 9B—-D. The expression
suppression in the 2-AP group was not inuenced by thepro les of isg15-Jandigp2(Figures 9C,D in response to various
AcOH in which 2-AP was dissolved. CHQ also inhibited theimmune inhibitors were similar toviperin Although there was
viperintranscript expression in the plC-stimulated Atlantic cod a signi cant increase in the level é§g15-1andIgp2in the pIC
macrophages compared to the DMSO-matched vehicle contro$ub-group of RESV treatment compared to its PBS control, the
indicating that TLR-activated pathways play an important roleplC induction of these genes in the RESV-treated samples was
in the Atlantic codviperin antiviral response. The expression signi cantly attenuated compared to the plC-stimulated DMSO
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FIGURE 6 | The Predicted structure of mouse and Atlantic cod Viperin(A) From left to right: Representative ribbon structures of cstallized mouse Viperin (PDB ID:

5VSL); full-length mouse Viperin modeled with the additiaha-helix missing from the crystal structure; predicated Atlatic cod Viperin structure; and superimposition

of modeled full-length mouse (red) and Atlantic cod (blue)iperins. In rst three models, blue to red color change indicags N to C terminus progression. Loops,
(Continued)
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FIGURE 6 | b-strands, and a-helices are labeled in mouse crystal structure(B) Ribbon model of crystal structure of mouse Viperin (left pagi) and predicted structure
of Atlantic cod Viperin (right panel) showing the SAH and [4F4S] cluster coordinating residues in magenta(C) Comparison between the identity and homology of
the mouse and Atlantic cod Viperin. Non-identical/homologos residues are shown in yellow(D) Ribbon model of crystal structure of mouse Viperin (left paet) and
predicted structure of Atlantic cod Viperin (right panel)l®wing the amino acid residues forming the catalytic cavitin cyan. (E) Predicted surface topology of
full-length mouse and Atlantic cod Viperins. The positivejeutral, and negative residues are colored blue, white, anced, respectively.

FIGURE 7 | gPCR results of constitutive expression of Atlantic codiperinduring embryonic and early larval development. Relative qutity (RQ) data are presented
as mean SE. The numbers below each bar show the sampling time (i.e.,ay post-fertilization, DPF), and 0 DPF are samples taken12 h after fertilization (see
section Tissue Sampling). Cleavage, Blastula/Gastrula, §mentation and Larvae describe the developmental stage at hich samples were collected 44). Cy (Cycle
threshold) values fowiperinbelow each bar represent the average @ of 3 pooled samples at the given time point, and ND are “not dedctable” samples. Normalizer
Ct values are the average of the geometric mean value of 2 normaérs in 3 pooled samples (see section Materials and Method®r details). These results were not
statistically analyzed since the g-values of the normalizers in the rst 4 sampling time points wre slightly higher compared with most other sampling time @ints.

vehicle control Figures 9C,D. Further, Atlantic codfngshowed  speci city of the immune inhibitors used in the current study.
a largely comparable expression patterrviperin and its pIC ~ The transcription ofillb was not induced by pIC stimulation
induction was signi cantly suppressed by 2-AP, CHQ, S90 anih any of the treatmentsKigure 95. The expression ofllb
RUX. However, in contrast toviperin and similar toisg1l5-1 remained unchanged in the RESV group compared to the
and Igp2 the pIC induction ofifng was signi cantly decreased DMSO-matched control. Unlike the antiviral biomarkers, the
by RESV (i.e., 5.1-fold pIC induction) compared to the DMSOconstitutive expression afLb was suppressed by 2-AP and S90
control group (13.5-fold pIC induction). Unlikasgl5-1land (Figure 9B, suggesting that PKR and MAPK pathways may
Igp2 though, there was no signi cant di erence between thehave roles in regulation ofilb basal expression in Atlantic
PBS control and plIC sub-groups of RESV treatmentifag, cod macrophages. Interestingliib expression increased in the
indicating the suppressed induction of this gene by RESV. The$tUX-exposed group compared to the DMSO-matched control.
ndings suggest that, while the expression of all genes stlidi Also, the expression dflb was higher in PBS group of CHQ
herein is regulated through PKR, TLR, MAPK and IFN pathwaystreatment compared to its PBS-matched control group. These
only ifng shows a signi cant NFKB-dependent transcriptional results show that the expression pro le ibfb is di erent from
activation. None of the inhibitors used in this study in uead those of the antiviral biomarkers subjected to gPCR assays,
viperin, ifng, isgl5-1,0r Igp2 expression in non-stimulated suggesting that the inhibitors in the present study in uedce
macrophages, and the inhibitors only suppressed the expressitimeir speci ¢ targets in immune pathways. In the present study,
of these antiviral genes in the plC group compared with pIC-there were no signi cant di erences between DMSO, PBS and
stimulated controls (PBS, DMSO, or AcOH). This suggest&cOH control groups within pIC or PBS treatment, showing
that the constitutive expression of these antiviral bionsask that the DMSO vehicle and AcOH used herein did not change
in Atlantic cod macrophages is regulated independent of théhe basal or plC-induced expression of Atlantic cweiperin,
inhibited pathways. The expression itfb was measured as an ifng, isg15-1lgp2,andillb. Figure 10 summarizes the pathway
antibacterial and pro-in ammatory biomarker to examine the characterization results of the current study and illugtsa
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FIGURE 8 | gPCR results of constitutive expression o¥iperinin different tissues of adult Atlantic cod. Relative quarti (RQ) data are presented as mean SE (D 4).
Different letters represent signi cant differencesp(< 0.05) inviperintranscript expression between various tissues.

inhibitors, the target molecules, and their e ects on theigindl  classi cation. Previous studies conducting MSAs and mdgacu

immune responses of Atlantic cod macrophages. phylogenetic analyses of Viperin in di erent species obtained
comparable results to the current studfl( 24, 54, 59-61).
DISCUSSION Our MSA analyses revealed high levels of diversity in N-

terminal AA sequences of putative orthologous Viperins among

The sequencing results showed that the Atlantic adoerin  the representative species of dierent phyla and classes; in
transcript is 1,342-bp long (excluding poly-A tail) and catsi contrast, the radical SAM domain and the C-terminus are
of 6 exons. Exon 5 of Atlantic codiperin is the shortest, highly conserved.
whereas exons 1 and 6 are relatively longer compared to theg oth ~ This is the rst study predicting protein structure of a
exons. The transcript size of Atlantic cetperinis comparable teleost Viperin using crystal structure of a mammalian Viperi
with other sh species such as red drur2lj, mandarin sh ~ and it suggests an overall structural similarity betweepevin
(Siniperca chuatgi(54), Chinese perch§. chuatdj and Ara of Atlantic cod and mouse. Specically, the AA residues
(Niphon spinosys(55). As in Atlantic cod,viperin transcripts  involved in coordinating the radical SAM domain as well as
of red drum @1) and human £6) were reported to include the [4Fe-4S] cluster of Atlantic cod were shown to be highly
short B2UTRs. Similar to Atlantic codyiperingenes of various conserved compared to its mammalian ortholog. As in duck
vertebrates, e.g., mandarin sk4, 55), chicken Gallus gallus (Anas platyrhynchgs(60) and red drum @1), a conserved
(57), and mouse M. musculu} (59), include 6 exons. The SAM binding motif (CXXXCXXC) was observed (séigure 3
viperinexons in these species show a comparable size distributidm the Atlantic cod Viperin. The conserved aromatic residues
to exons of Atlantic codviperin suggesting an evolutionarily- adjacent to the third cysteine in the CXXXCXXC motif were
conserved exon/intron organization foriperin in vertebrates. suggested to modulate the oxidation-reduction midpoint of
The present study foundiperin to be anked byrnfl44and the [4Fe-4S] cluster6(). The conservation of these residues
cmpk2in the genome of Atlantic cod, which showed a conservedn Atlantic cod Viperin seen herein suggests that the [4Fp-4S
synteny to human and zebra sh. Previously published studiesluster is likely used for the same function in both species.
established the same gene ordenfiperinand adjacent genes of Moreover, our computational modeling revealed a catalytigtga
various sh (i.e., Elephant shark and tilapia), avians [chicken that is conserved between the Atlantic cod Viperin and its
and zebra nch Taeniopygia guttalgand mammals [i.e., mouse mammalian ortholog. Also, consistent with Viperin of human,
and chimpanzeeRan troglodyte} (57, 59). Taken together, it duck, and crucian carpdQ, 63, 64), our computational modeling
seems that the genomic arrangementigerinand its anking  analyses predicted the formation of arhelix in the N-terminal
genes, notably the opposite orientationwiperinand cmpk2,s  region of Atlantic cod Viperin, though the N-terminus of all
conserved in vertebrate evolution. Viperins modeled herein are predicted to be a disordered region.

As expected, the phylogenetic tree showed that the relatedneiaken together, these results indicate that Atlantic copevin
of Viperin putative orthologs appears to agree with taxonomiegxhibit the overall conserved structure observed/predidte
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FIGURE 9 | gPCR results of effects of different inhibitors on pIC indu@n of Atlantic cod viperin (A), ifng (B), isg15-1 (C), Igp2 (D), and il1b (E). Atlantic cod
macrophages were exposed to different inhibitors [i.e., 2minopurine (2-AP), Chloroquine (CHQ), Resveratrol (RES8B202190 (S90) and Ruxolitinib (RUX) groups]
or control groups [i.e., Dimethyl sulfoxide (DMSO)-, phodgate-buffered saline (PBS) and glacial acetic acid (AcOHpautrols] for 1 h, and then subjected to pIC or PBS
sub-groups for 24 h. DMSO group is considered as vehicle combl for RESV, S90, and RUX treatments, whereas PBS and AcOHaups are considered as the control
groups of 2-AP and CHQ treatments, respectively. RQ data arpresented as mean SE. An asterisk shows signi cant differenceff < 0.05) between
treatment-matched pIC and control (PBS) groups. Differenetters (upper-case for PBS and lower-case for pIC) represergigni cant differences among PBS- or
plC-exposed inhibitor and control treatment groups. The plCniduction fold-change (pIC/control) within each treatment @., inhibitors or control groups) is shown
below the bars.

other Viperin orthologs, highly suggestive of a comparablé&/iperin, the overexpression of this protein by intramuscular
functional role. injection of Viperin plasmid enhanced the resistance of rock
The radical SAM Superfamily domain is found in hundredsbream against megalocytivirug4). Accordingly, the conserved
of proteins that play a wide range of role85. Viperin has antiviral activity of mammalian and teleost Viperin may be
been well-documented to exhibit antiviral activities agsi attributed to conserved SAM domains (e.g., near-identical
human viruses [e.g., Zika, HCV and human cytomegalovirustructures of SAM domains of Atlantic cod and mouse reported
(HCMV)] (56, 66-68). The radical SAM domain of Viperin is herein). While N-terminal residues of mammalian Viperin
a pivotal factor in the antiviral roles of this proteir6{, 69). were not necessary for antiviral activity of this proteingyh
The antiviral properties of mammalian Viperin chie y rely on may modulate Viperin antiviral activity7). The N-terminal
the interaction of its C-terminus with viruses [HCV and Damgg amphipathic a-helix anchors Viperin into the ER membrane
Virus Type-2 (DENV-2)] (70, 71). Similar to the mammalian and is needed for protein localization in lipid droplets¥ 72);
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FIGURE 10 | The activation of antiviral pathways in Atlantic cod. This gre was adapted from known mammalian pathways3-5), and illustrates the effects of
immune inhibitors used herein on the antiviral immune respse of Atlantic codviperin, ifng, isg15-1, and Igp2. The purple arrows represent the immune inhibitors
used in this study, and the targets of inhibitors are shown imaroon. The turquoise boxes downstream of each pathway indate the studied pIC-responsive genes
that were in uenced by the inhibitors. 2-AP (2-Aminopuring)CHQ (Chloroquine), RESV (Resveratrol), S90 (SB202190)JR (Ruxolitinib), MDA5 (melanoma
differentiation-associated protein 5), RIG-I (retinoic &-inducible gene), MAVS (mitochondrial antiviral-sigtiag protein), FADD (FAS-associated death domain), RIP1
(receptor-interacting protein 1), IKK (NFKBIA kinase), NFK8 (NF-kappa-B inhibitor alpha), NFKB1 (nuclear factor kajgpB 1), IFN (interferon), NEMO (NFKB1
essential modulator or IKKG), TLR (Toll-like receptor), TRIFR domain-containing adaptor protein inducing IFNB), TRAFNF receptor-associated factor), TANK
(TRAF family member-associated NFKB activator), TBK (tafiinding kinase), IRF (IFN regulatory factor), MAPK (mitogewtivated protein kinase), AP1 (transcription
factor AP1), Pelil (pellino E3 ubiquitin protein ligase IPKR (IFN-induced, double-stranded RNA-activated proteinikase), TAK1 [transforming growth factor beta
(TGFB)-activated kinase 1], TAB (TAK1-binding protein),y\d88 (myeloid differentiation primary response gene 88), MK (interleukin-1 receptor-associated kinase),
IFNGR (IFN-gamma receptor), JAK (Janus kinase), STAT1 (sigtransducer and activator of transcription 1), GAF (IFNG-#iwated factor), GAS (IFNG-activated
sequence), ISG15-1 (IFN-stimulated gene 15-1), LGP2 (RNA ledse LGP2).

correspondingly, the mammalian Viperin N-terminus assi$is t shown in rock breamZ4) and crucian carp4). The evolution
inhibition of lipid droplet-dependent viral replication [reweed of sh Viperin involved the positive selection of N-terminal
by (13)]. ER localization of the teleost Viperin was previouslyresidues 13); therefore, the positively-selected N-terminus and
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the conserved C-terminus of Viperin may re ect the speciessigni cantly lower than in blood. Likewise, the expressioh o
dependent and ancestral functions, respectively, of this prote viperin in the blood of red drum 21), large yellow croaker
in antiviral responses/@d). The present protein structure ndings (Larimichthys croc@g83) and duck ¢0) was higher than other
suggest that the molecular ability of teleost Viperin fordiimg  tissues, including the immune-related and hematopoietisues
to ER-associated lipid droplets, most likely, remained corest  (i.e., kidney of red drum and bursa of Fabricius of duck). Hea
despite a large diversity between N-terminal residues offipe kidney is the hematopoietic site in teleost specigg,(and it
orthologs. Further studies are needed to test the cor@iati contains a large number of di erentiating cells (e.g., myeloi
between diversity of N-terminal amphipathizhelix and lipid  progenitor cells). The tissue-dependent expressionigérinin
binding and antiviral functions of teleost Viperin. vertebrates may be associated with the di erentiation of ioma
Atlantic cod viperin was found as a weakly-expressed geneells, as its expression is lower in hematopoietic tissuesttieat
during embryonic development. However, the expression oin the blood. The expression of Atlantic cedperintranscript in
viperin was higher in mixed cleavage stage until mid-blastulan intestinal tissue (i.e., pyloric caecum) was higher thames
(i.e., day 0-2) compared with subsequent embryonic stagéissues (e.g., n, skin, and muscle). The intestinal expoessi
(e.g., gastrula, early segmentation), showing the exist@f of viperin was previously reported in di erent species (Rock
viperin transcript prior to the onset of zygotic gene expressionbream, amphioxus, and duck}4, 59, 60). As in other vertebrates
This embryonic expression prole ofviperin alongside its (85), the teleost intestine contains various immune cells (e.g.
presence in adult sh gonads suggests thigerinis a maternal granulocytes and macrophages8y), and viperin expression in
transcript in Atlantic cod. Maternal molecules (e.g., trarigts  the digestive system of Atlantic cod may be attributed to the
and proteins) play an important role in defense responses of simucosal immunity of this species. Collectively, the resutgyest
during early life stagesr{, 75. Some maternal (i.e., pre-mid- that some aspects of cell- and tissue-dependent expression of
blastula expression) transcripts (eid?, ifngrl,andcathelicidin ~ viperin may be conserved among vertebrates. However, the
involved in innate immune responses were previously identi edfunction of Viperin in uninfected cells and tissues remains
in Atlantic cod (7/6-78). There was a considerable decrease imndescribed13), and further studies are needed to determine if
level of Atlantic codviperin transcript after mid-blastula stage the constitutive expression ofperinis related to its immune or
(i.e., in gastrula to early segmentation stages, 4-8 dpfg Thpotential non-immune roles.
transition from maternal to zygotic gene expression occurs a The present study examined if di erent pathway inhibitors
mid-blastula stage (i.e., maternal-embryo transition)5,(79, may change the pIC response of Atlantic caderinand other
80). Therefore, with respect to the expression and degradatiowell-known antiviral genes (i.eifng, isgl5-1,and Igp3. In
patterns of maternal transcripts’9), the non-detectable levels addition to these genes, the expressiorilth was assessed, as
of Atlantic codviperinimmediately following mid-blastula stage a pro-in ammatory and antibacterial biomarker, to check kfet
may be attributed to degradation of maternal transcripts. Itinhibitors used in this study have gene-speci c e ects. Poergi
remains unknown if Viperin has any function in oogenesis orstudies have documented the induction of Atlantic cagerin
early embryogenesis. Nonetheless, viral hemorrhagiccegpta  in plC-exposed macrophages or larval cell line (ACL cells) as
virus (VHSV)-inducedviperin transcript was reported in eyed well as the spleen of pIC-injected sB1, 33, 34, 87). Similarly,
eggs and hatching fry of rainbow trou8f). Additionally, levels plC-triggered expression efperinhas been con rmed by several
of viperin transcript increased in 48-h post-fertilization (hpf) in vivo- or in vitro-based studies in Paci ¢ oystet{), crucian
larvae of zebra sh and 24-hpf D-veliger larvae of oysterétdd carp 23, red drum 21), tilapia (19), large yellow croaker3Q),
with herpes simplex virus 1 (HSV-1) and Ostreid herpesvirusnnual sh (20), amphioxus £9), duck 60, and mice (1).
(OsHV-1), respectivelyl@ 82). We observed a steady increasePrevious studies showed no induction of Atlantic cagerinin
in expression of Atlantic codviperin transcript from early macrophages or ACL cells stimulated with di erent LPS§)(as
segmentation until hatch, and a somewhat decreagpérin  well as in spleens of Atlantic cod injected with di erent LPSs or
expression after the hatch event. Therefor@jgerinfunctionis  formalin-killed atypicalAeromonas salmonicidas, 88). We also
conserved in teleost sh larvae, then its increasing coutitie  found similar results in LPS-treated Atlantic cod macroplage
expression in later stages of Atlantic cod embryonic devekum (unpublished data). Accordingly, the current study did not
may provide information on the ontogeny of antiviral defenseexamine the e ects of inhibition of immune-related pathways
in this species. Further investigations are needed to detexm on the antibacterial response of Atlantic cegperin However,
whetherviperinis a virus-responsive transcript in Atlantic cod antibacterial induction of vertebrateiperin was reported in
larvae. However, similar to tha@perinresults seen herein, some LPS-stimulated tilapial@® and chicken §7) as well as mouse
immune-relevant transcriptsckc chemokinenterleukin 8 atf3,  macrophagesl(l) and dendritic cells§9). LPS injection slightly
and gaduscidin-1L of Atlantic cod were reported to increase up-regulatedviperin expression in the spleen of orange-spotted
during hatching; it was suggested that this induction may berouper, butviperininduction was stronger in response to pIC
involved in preparing cod embryos at the defensome level tor viral (i.e., grouper iridovirus, GIV) stimulation9Q). It seems
combat environmental pathogens that may be encountered posthat, while the transcriptional regulation of the verteleatperin

hatch (76). by the antiviral response is conserved among vertebraifesrin
This study showed that the constitutive expression of Aiant may have species-dependent antibacterial responses.
cod viperin varied among di erent tissues. Atlantic codperin Figure 10 depicts the inhibitors, the targeted factors in

was strongly expressed in blood and, interestingigerinlevels antiviral immune responses and the summary of pathway
in immune-related tissues (i.e., head kidney and spleenewerharacterization results in this study. The current invgstion
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showed that 2-AP, CHQ, S90, and RUX signi cantly repressed this a well-established key regulator of in ammatory respanse
plC-triggered expression @fperinin Atlantic cod macrophages, (103. Therefore, the suppressed constitutive expression of
and similar results were seen fafng, isgl5-1,and Igp2 illb in the current study may be explained by p38 MAPK-
(Figure 10. In agreement with the present study, 2-AP wasmediated regulation of in ammatory cytokines, as in a praxso
previously reported to block pIC induction ofiperin in a  study involving murine macrophaged ). Nonetheless, with
monocyte/macrophage-like cell line (RTS11) of rainbow trourespect to S90-related inhibition of the virus-responsivldF
(9) and mx promoter of Japanese ounderP@ralichthys RIG-I-dependent p38 was suggested to be a pivotal factor
olivaceusembryo cells 48). 2-AP is known as an inhibitor of in antiviral responses of mammalian dendritic cell8)§. In
IFN-induced PKR autophosphorylatiorb®); however, a study Atlantic salmon, transcriptome pro ling of antiviral respoes of
revealed that inhibitory e ects of 2-AP on IFNB transcription macrophage-like cells identi ed several pIC-responsive MAPKs
may occur PKR-independently, through inhibiting Akt and (106. While the association of MAPK activation and antiviral
consequently nuclear translocation of activated IRF3.(The responses of teleosts is not yet fully understood, our nding
inhibitory mechanisms of 2-AP in sh species are yet to besuggest an indirect or direct role of the p38 pathway in indoicti
determined, and 2-AP-associated repressiovipérinand other  of Atlantic codifng and the other putative IFN-induced genes
studied genes in Atlantic cod may be caused by PKR- or IRF3t.e.,viperin isg15-1landlgp2.
dependent mechanisms. In contrast to antiviral biomarkerege RUX blocks the activation of JAK1/JAK2 following the
2-AP suppressed the basal expressiorildj in Atlantic cod engagement of induced (e.g., pIC and LPS) type | and Il IFNs
macrophages. In agreement with this result, 2-AP-dependentith the IFN receptors 107, 108. As in Atlantic codviperin,
inhibition of il1b expression was reported in huma®4j. Taken RUX signi cantly suppressed the expressiorifog, isg15-1and
together, it seems that PKR-regulated expressionild§ is Igp2in the present study, suggesting the activation of these
conserved, and 2-AP suppresses PKR-derived immune respongesies downstream of JAK1/JAK2-dependent pathway. There is
of Atlantic cod in a gene-speci c manner. To determine TLR-no report on RUX-based inhibition of IFN-dependent responses
dependent responses of Atlantic cetperink we used CHQ, of sh species, although RUX has been reported to signi cantly
which blocks the pIC response and TLR signaling by hinderingeduce the production of IFNG in mice5(0). In mammalian
endosomal acidi cation, thereby impairing PAMP recognition macrophages, RUX suppressed LPS-induced expression of IFN-
by intracellular TLRs (e.g., TLR39%). CHQ can also suppress regulated genesl(9 and the IFN-mediated response of genes
autophagy by hindering lysosomal acidi cation, and it can becontaining STAT-binding sites in their promoterd (7). Similar
used as a drug with diverse functions (e.g., in malaria amdea to crucian carpviperin (23), the proximal promoter region of
treatments) 96). However, immunosuppressive and antiviral Atlantic cod viperin contains putative binding sites for GAS
activities of CHQ are associated with its roles in endosomadnd ISRE, suggesting the IFN- or STAT-dependent regulation of
pH modulation and blocking nucleic acid binding to TLRs this gene. Although theiperin putative TFBSs (i.e., GAS and
(97,99). Therefore, the CHQ-mediated immunosuppression seefSRE sites) identi ed herein are compatible with the JAK1/JAK2
herein may be attributed to its e ects on antiviral responsesdependent Atlantic codviperin transcript expression, thesa
initiated by endosomal TLRs. CHQ was previously shown tailicoresults need to be experimentally validated by future studie
inhibit the antiviral activity of rainbow trout macrophages ISRE-regulated activation, as well as IFN receptor (IFNR)- and
(99, to decrease pIC induction oflb in gilthead seabream IRF-dependent induction ofviperin have been described for
(Sparus auratamacrophagesl(00) and to block R848 (i.e., TLR7 mammalian macrophages 1), and chickenviperin transcript
ligand) response [e.gmyeloid di erentiation primary response was found to be IFN-responsives). Likewise, stimulation
88 (myd8§ and il6] in peripheral blood leukocytes of Japaneseof Atlantic salmon TO cells with recombinant IFNL{0Q or
ounder (101). The expression dflb was not in uenced by pIC overexpression of IFN in zebra sh embryos1(l) up-regulated
stimulation in the current investigation, but this gene piawsly the expression of teleostiperin Also, induction of teleost
showed a slight up-regulation (i.e., 1.4-fold increase dt @dst-  viperin through activating factors downstream of MDA5 and
stimulation) in response to pIC in Atlantic cod macrophagé$)(  IFN pathways was reported in crucian cas3|. In the present
Slight di erences betweeitiLb results of our previous and present study, we observed a comparable gene expression pro le between
studies may be due to biological variability of immune resgem viperin and ifng in response to di erent inhibitors (except for
among individuals. However, CHQ enhanced the expressioRESV). Moreover, two putative IFN-induced genes (isgl5-
of il1b in the control group, and this gene expression pro le 1 andlgp? studied herein showed expression pro les that were
(i.e., diverged response of antibacterial and antiviraiiadkers)  similar to that ofviperin suggesting that these genes may share
re ects the specic e ects of CHQ on the antiviral response signaling pathways (e.g., IFN-related pathway) activathmgjrt
of Atlantic cod macrophages. Collectively, it seems that CHQIC response. Converselylb in this study showed a di erent
in uences intracellular TLRs of teleosts, and that activatpf — expression pattern and its expression increased in the RUX group
Atlantic codviperin ifng, isg15-1and Igp2is highly dependent compared to the DMSO control group. Likewise, RUX-mediated
upon the endosomal recognition of pIC. JAK inhibition increased the expression of pro-in ammatory
S90 is known to inhibit the activity of p38 MAPKL(2. cytokines (e.g.il6) in mouse macrophagesl{?). The gPCR
S90 was found to be a strong inhibitor of LPS-inducedesults of the current study showed that RUX-mediated immune
in ammation relevant genes (e.gllb andtnfa) in head kidney inhibition variably in uenced the response of genes with diest
leukocytes of Atlantic salmon4{). Generally, p38 MAPK putative functions (e.g., antiviral vs. antibacterial s)leand
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regulatory pathways. We used RQ values of all samples from albnstitutive expression and was most strongly expresseden th

treatments (i.e., pIC and PBS samples of inhibitor and controblood. The inhibitory e ects of 2-AP, CHQ, and S90 on pIC

groups) and Pearson correlation coe cient tests to examinanduction of viperin transcript in Atlantic cod macrophages

correlations between expressionifoig and other assessed genesrevealed that the expression of this gene may be dependent

There were signi cant correlationsp(< 0.0001) between the upon PKR, intracellular TLRs and MAPK, and/or possibly the

expression of Atlantic codfng and other antiviral genes [i.e., factors (e.g., IRFs) activated downstream of these pathwascs. Al

viperin (R: 0.71),isg15-1(R: 0.70), andgp2(R: 0.94)], but no RUX-associated suppression of Atlantic cagerin alongside

correlation was seen betwedng and illb expression (R: 0.04; the GAS and ISRE motifs predicted in the proximal promoter

p D 0.74). This suggests that the IFN pathway plays importarf this gene and its signi cant correlation witing expression

roles in transcriptional regulation of Atlantic codperin isgl5- in response to di erent immune inhibitors, suggest the IFN-
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