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ARTICLE INFO ABSTRACT

Keywords: Interferons (IFNs) play a key role in the innate immunity of vertebrates against viral infections by inducing
Teleost hundreds of IFN-stimulated genes (ISGs), such as isg15. Isgl5 is an ubiquitin-like protein, which can conjugate
isgl5 gene cellular and viral proteins in a process called ISGylation, although it can also act as a cytokine-like protein.
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Gilthead seabream (Sparus aurata L.) is an important asymptomatic carrier of viral haemorrhagic septicaemia
virus (VHSV) and nodavirus, representing a threat to other co-cultivated susceptible species. In order to better
understand virus-host interactions in this fish species, this study addresses the identification and molecular
characterization of seabream isgl5 (sb-isg15). In addition, the modulation of transcript levels of sb-isgl5 was
analysed in SAF-1 cells and seabream acidophilic granulocytes (AGs) stimulated in vitro with different pathogen-
associated molecular patterns (PAMPs) or inoculated with VHSV and striped jack nervous necrosis virus
(SINNV).

The full-length cDNA of sb-isgl5 gene, encoding a predicted protein of 155 amino acids, was identified and
seen to share the same characteristics as other fish and mammalian isgl5 genes. Here we report the clear in-
duction of sb-isg15 transcript levels in SAF-1 cells and AGs stimulated with toll-like receptor (TLR) ligands, such
as polyinosinic:polycytidylic acid (poly I:C) or genomic DNA from Vibrio anguillarum (VaDNA), respectively.
Furthermore, VHSV and SINNV inoculation induced a significant degree of sb-isg15 transcription in SAF-1 cells
and AGs. However, the relative levels of viral RNA transcription showed that SJNNV replication seems to be
more efficient than VHSV in both in vitro systems. Interestingly, sb-isg15 transcript induction elicited by VaDNA
was reduced in VHSV- and SJINNV-inoculated AGs, suggesting an interference prompted by the viruses against
the type I IFN system. Taken together, these findings support the use of seabream AGs as a valuable experimental
system to study virus-host interactions, in which sb-isg15 seems to play an important role.

1. Introduction 15 (isg15), double-stranded RNA-activated protein kinase (pkr), and
virus inhibitory protein (viperin). Isgl5 is an ubiquitin-like protein,

Interferons (IFNs) are key cytokines of the antiviral innate immune which is quickly and highly upregulated by IFN stimulation or viral
system that induce the expression of hundreds of genes through the infections [2]. It contains two tandem ubiquitin-like domains (UBL) and
JAK-STAT signalling pathway in vertebrates [1]. Some of the most a conserved C-terminal LRGG sequence that is required for covalent
studied interferon-stimulated genes (ISGs) are mx, IFN-stimulated gene conjugation of Isgl5 proteins with host and viral proteins in a process
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called ISGylation [3]. ISGylation involves a series of enzymatic reac-
tions similar to the ubiquitin conjugation pathway and affects enzy-
matic degradation, subcellular localization and the half-life of target
proteins [2,4]. ISGylation seems to preferentially target newly trans-
lated proteins, so that, during infections, ISGylation of viral proteins
and ISGs plays an important role in both antiviral activity and the
proper regulation of the host antiviral response [5]. Several studies
have shown that the broad antiviral activity of mammalian Isgl5
against numerous RNA and DNA viruses is ISGylation dependent [2].

As well as existing in as conjugated form, Isgl5 is present in a non-
conjugated form, both intracellularly and in the extracellular space.
This form also plays an important role in the host response to infections,
acting as an immunomodulatory protein that negatively regulates the
expression of proinflammatory cytokines and chemokines, and med-
iates in the regulation of IFNa/[} signalling, resulting in the prevention
of an auto-inflammation course [6,7]. Furthermore, free Isgl5 can act
as a cytokine-like protein, inducing IFNy expression in T-cells, stimu-
lating natural killer cell proliferation, or inducing dendritic cell ma-
turation and neutrophil recruitment [8].

Isgl5 orthologues have been described in several fish species (re-
viewed in Ref. [9]). Fish isgl5 genes are induced upon stimulation by
viral infection, treatment with double-stranded RNA (poly I:C), or by
other pathogen-associated molecular patterns (PAMPs) [10]. Piscine
Isgl5 proteins share structural characteristics with mammalian Isg15,
such as the two UBL domains and the presence of the LRGG motif,
which also seems to be crucial for its antiviral activity [11,12]. Fish
Isg15 proteins show direct antiviral activity against several fish viruses,
such as haemorrhagic septicaemia virus (VHSV), infectious haemato-
poietic necrosis virus (IHNV), grouper nervous necrosis virus (GNNV)
[12,13] or megalocytivirus [11].

Gilthead seabream (Sparus aurata L.) is one of the most extensively
cultured species in Mediterranean aquaculture. It shows high resistance
to viral infections and lymphocystis disease is the only natural viral
infection reported to affect the species [14]. However, seabream could
be an asymptomatic carrier and/or reservoir of VHSV [15], and nervous
necrosis virus (NNV) [16], which are pathogenic to other co-cultivated
fish species [17-21]. Thus, to face the threat that the presence of
asymptomatic carriers would represent in fish farms, it is crucial to
understand virus-host interactions in this type of organism. Hence, the
aim of the current study was to characterize the isgl5 gene of gilthead
seabream (sb-isg15) and to analyse the interference between the IFN
system and viral infection by using sb-isgl5 transcription as marker of
the IFN I response. For this purpose, VHSV and striped jack nervous
necrosis virus (SJNNV) were inoculated into two in vitro systems, the
established seabream cell line SAF-1, and purified seabream acidophilic
granulocytes (AGs), which display similar functions to mammalian
neutrophils.

2. Materials and methods
2.1. Animals

Healthy specimens (150g mean weight) of the hermaphroditic
protandrous marine fish gilthead seabream (S. aurata, Actinoperygii,
Sparidae) were bred and kept at the Oceanographic Centre of Murcia
(Spain) in a 14 m® running seawater tank (dissolved oxygen 6 ppm, flow
rate 20% tank volume/hour) with natural temperature and photo-
period, and fed twice a day with a commercial pellet diet (Skretting,
Burgos, Spain). Fish were fasted for 24 h before sampling. The experi-
ments performed comply with the Guidelines of the European Union
Council (86/609/EU) and the Bioethical Committee of the University of
Murcia (Spain) for the use of laboratory animals.

2.2. Amino acid sequence analysis

The nucleotide sequence of seabream isgl5 (GenBank accession
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number HS987162) was identified from a public EST database by
alignment with the ORF of different fish isgl15 sequences. Nucleic acid
sequence homology analysis was performed using BLAST (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) and the blast tool at Ensembl (Ensembl
Genome Browser, http://www.ensembl.org). The complete Isgl5 ami-
noacid sequences of different fish species were chosen to maximize the
representativeness of the different fish orders (Table S1). The deduced
amino acid sequence obtained with EditSeq (DNASTAR Lasergene 7)
software was analysed with the Expert Protein Analysis System (EX-
PASY) (http://www.expasy.org/) and motifs were identified using the
NSITE database.

Multiple amino acid sequence alignments were constructed using
MegAlign software v 3.3.8. For the phylogenetic analysis, aminoacidic
sequences were aligned by the neighbour-joining (NJ) algorithm within
the MEGA version 7.0 software. Human FAT10, which also contains
two UBL domains, was used as outgroup. Bootstrap values were cal-
culated with 2000 replications to estimate the robustness of internal
branches.

2.3. Virus propagation

A VHSV genotype III isolate (SpSm-IAusc2897, a marine isolate
obtained from turbot, Scophthalmus maximus) and an NNV isolate
SINNV genotype (SJ93Nag, reference SINNV isolate), both pathogenic
to Senegalese sole (Solea senegalensis) [23,24], were used in this study.
The VHSV isolate was propagated on the epithelioma papulosum cy-
prini (EPC) cell line (ATCC CRL-2872). Inoculated EPC cells were
maintained in Leibowitz-15 (L15) medium with 2% foetal bovine serum
(FBS), 100 IU/ml penicillin, and 0.1 mg/ml streptomycin (Lonza) at
20°C, and were monitored until cytopathic effect emergence. The
SJNNV isolate was propagated on E11 cell (ECACC 01110916) mono-
layers at 25 °C in L15 with 2% FBS, 100 IU/ml penicillin, and 0.1 mg/ml
streptomycin, until it displayed extensive cytopathic effects. Super-
natants of VHSV- and SJNNV-inoculated cells were collected, cen-
trifuged at 5000 x g for 10 min at 4 °C, and the resulting viral suspen-
sions were titrated on EPC (VHSV) or E11 (SJNNV) cells grown on 96-
well plates (NuncThermo Scientific). Titres were expressed as the viral
dilution infecting 50% of the cell cultures (TCIDso) following the
methodology described by Reed and Muench [25]. Viral suspensions
were stored at —80 °C until use.

2.4. Isolation of phagocytes

Head kidneys (HK) were collected and AGs were purified by mag-
netic-activated cell sorting (MACS) as described [26]. Briefly, head
kidney cell suspensions were incubated in a 1:10 dilution of a mono-
clonal antibody specific to gilthead seabream AGs (G7) [27], washed
twice with PBS containing 2 mM EDTA (Sigma-Aldrich) and 5% Foetal
Calf Serum (FCS) (Invitrogen) and then incubated with 100-200 pl per
108 cells micro-magnetic-bead-conjugated anti-mouse IgG antibody
(Miltenyi Biotec). After washing, G7* (AGs) cell fractions were col-
lected by MACS following the manufacturer's instructions, and their
purity was analysed by flow cytometry.

2.5. Cell culture and treatments

SAF-1 cells, established from gilthead seabream fibroblasts [28]
(ECACC, UK), were grown at 25 °C in L15 medium supplemented with
2% 1-glutamine, 10% FBS, 100 IU/ml penicillin, and 0.1 mg/ml strep-
tomycin on 12-well plates until semiconfluence. SAF-1 cells were sti-
mulated with polyinosinic:polycytidylic acid (poly I:C) (25 pg/ml, In-
vivoGen) for 12 and 24 h and RNA was isolated as described below. For
virus infections, VHSV or SINNV were diluted in FBS-free L15 medium
and used for cell inoculation at 0.1 multiplicity of infection (MOI). After
virus adsorption at 20 °C (VHSV) or 25 °C (SJNNV) for 1 h, the inoculum
was removed and immediately replaced by L15 medium with 2% FBS.
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Then, cells were incubated at 20 °C (VHSV) or 25 °C (SJNNV), and total
RNA was isolated at 24 h and 48 h post-inoculation (p.i.) as described
below. Each assay was performed in triplicate.

Gilthead seabream purified AGs (2 X 10° cells/well) were seeded on
24-well plates (1 ml, final volume) and incubated at 23 °C in sRPMI
[RPMI-1640 culture medium (Gibco) adjusted to gilthead seabream
serum osmolarity (353.33 mOs) with 0.35% NaCl] supplemented with
5% FBS, and 100 IU/ml penicillin and 0.1 mg/ml streptomycin
(Biochrom). AGs were stimulated with 50pug/ml phenol-extracted
genomic DNA from Vibrio anguillarum ATCC19264 cells (VaDNA) [29]
and/or infected with VHSV or SJNNV at 0.1 MOI. Treatments applied to
AGs were: (i) sSRPMI + sRPMI (control group), (ii) VaDNA + sRPMI
group, (iii-iv) sSRPMI + VHSV or SINNV groups, (v-vi) VaDNA + VHSV
or SJNNV groups. RNA was isolated at 12, 24 and 48 h after treatments
as described below.

The concentration of PAMPs (VaDNA and poly I:C) and sampling
times tested have been found to be optimal for the in vitro activation of
seabream phagocytes [30]. Each assay was performed in triplicate and
repeated with AGs from three animals.

2.6. Analysis of gene expression

Total RNA was extracted from cell pellets with TRIzol Reagent
(Invitrogen) following the manufacturer's instructions, and the upper
phases containing RNA were purified with RNAquous Micro Kit
(Ambion) according to the manufacturer's protocols. Final RNA con-
centration was measured at 260 nm with the nanodrop system (ND-
1000), and RNA quality was checked by electrophoresis. RNA was
stored at —80 °C until use. Total RNA was treated with Amplification
grade DNase I (1 unit/pg RNA, Life technologies). Then, SuperScrip III
RNase H™ Reverse Transcriptase (Life technologies) was used to syn-
thesize first strand cDNA with random hexamer primers from 1 g of
total RNA at 50 °C for 50 min followed by 15 minat 70 °C. Real-time
PCR was performed with an ABI PRISM 7500 instrument (Applied
Biosystems) using SYBR Green PCR Core Reagents (Applied
Biosystems). Reactions were performed in 10-ul mixtures containing
5ul of 2 X SYBR Green PCR Core Reagents (Applied Biosystems),
0.15pl of each primer (0.15uM, final concentration), and 2.5ul of
cDNA. The amplification profile was: 10 min at 95 °C, followed by 40
cycles of 15sat 95°C, 1 minat 60 °C, and finally 15sat 95°C, 1 min
60 °C and 15 s at 95 °C. RNA was quantified using ribosomal protein S18
(rps18) transcript content as housekeeping gene using the comparative
Ct method (242" for fold change and 22 for relative value). The
primers used (Table 1) had an amplification efficiency of 2 and their
specificity was confirmed by melting curve analysis and sequencing
each amplified product (Genetic Analyser ABI PRISM 3130, Applied
Biosystems) (data non-shown). In all cases, each PCR was performed
with triplicate samples.

Table 1
List of primers used in this study.

Name Sequence (5’-3") Accession no.  Target gene

sa-isg15-F" GTGAGCTCCCTGAAGCAACT HS987162 isgl5

sa-isgl5-R GACCGTTTACAAACACCAGC

rpslB-Fb AGGGTGTTGGCAGACGTTAC AY587263 Rps 18

rps18-R CTTCTGCCTGTTGAGGAACC housekeeping
gene

VHSV-F1°¢ AAGGCCCTCTATGCGTTCATC AJ233396 VHSV

VHSV-R1 GGTGAACAACCCAATCATGGT nucleoprotein

SJ-RNA2-F'  GACACCACCGCTCCAATTACTAC  D30814 SINNV capsid

SJ-RNA2-R ACGAAATCCAGTGTAACCGTTGT protein

2 This study.

b [31].

€ [32].

4 33].
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2.7. Cell viability

To quantify seabream AG viability, 5 x 10° cells/well were seeded
on 96-well plates and incubated in sRPMI with identical treatments as
described in section 2.5. On days 1-5, aliquots of cell suspensions
(50 ul) were diluted in 200 pl PBS containing 40 pg/ml propidium io-
dide (PI). The number of red fluorescent cells (dead cells) from tripli-
cate samples of three different fish was analysed by flow cytometry
(FACSCalibur, Becton-Dickinson).

2.8. Statistical analysis

Data were analysed by ANOVA and Tukey's multiple range tests to
determine differences among groups. Differences were considered sta-
tistically significant when p < .05.

3. Results
3.1. Identification and characterization of gilthead seabream isg15

Searches within the publicly available EST database of the European
Nucleotide Archive (ENA) allowed us to identify a gene encoding for
gilthead seabream Isgl5 (sb-isgl5, GenBank accession number
HS987162). It contains a 5’-untraslated region (UTR) of 77 bp, an open
reading frame of 468 bp coding for a 155-aminoacid protein, and a 3’-
UTR of 398 bp (Fig. 1). In the 3’-UTR, three motifs ATTTA responsible
for the instability of mammalian [34] and fish [35] cytokine mRNAs
and a putative cytoplasmic polyadenylation element (CPE) were iden-
tified (Fig. 1). However, taken into account that the poly A sequence

1 GGTTTCCAGAGGTTCGAGTCTTTTTCTGAAGTTTTCAACA
41 GGAGTTTTTTCTGAAGTGATCACAGACAACTTTCATC&ZQ
1 M
81 GAGATAAACATCATTATGCTGAATGGGGCGTCCCATCGCC
2 E I N I I M L N G A S H R
121 TGATGGTGAACCCACAGGACACCGTGAGCTCCCTGAAGCA
15 L. M vV N P Q D T VvV 8 S8 L K Q
161 ACTCATCCAGAGTAAACTGGGAGTCTCTGTTCAGGAGCAG
29 L I Q S K L 6 VvV 8 V Q E 9@
201 AAGCTGGTGTTTGTAAACGGTCAGAGGACTCCTCTCAACG
42 K L vV F vV N ¢ Q@ R T P L N
241 ACGACTCAAAGCCTCTCAGCTGGTACGGTCTACAGTCCGG
56 D D 8 K P L 8 W Y ¢ L Q S8 G
281 CTCCCAGGTGTCTCTGCTGATCACCCAGCCGCCACCCTTC
69 S Q vV s L L I T Q P P P F
321 CAGGTCTTCCTCAAAAACGAGAAGGGCAAATCAACCACCT
82 Q VvV F L K N E K G K S T T
361 ACGATATCACACCTGAGGAGACTGTGGACCGCTTCAAGGC
95 Y D I T P E E T V D R F K A
401 CAGGGTGGAGAAAAGAGAGGGGGTCCCAGTGAGCCAGCAG
109 R V EK R E G V P V S Q @Q
441 AGGCTCCTCCACCAGAGCAGAGAGATGACCACTGGAAGAC
122 R L L H Q@ 8 R E M T T G R
481 TGACAGACTACAACGTCACCAATCACAGCACCATCGACCT
135 L. T D ¥ N VvV T N H S T I D L
521 GATGCTTCGCCTGAGGGGAGGCTGAGGACTCTTAGTTAAT
s M L = ENRNGNE -
561 CACCTATAGCCTAGTTTATTTTAATTTAATAGAAATGARAA
601 ATCTTAAATTCTGTTTATTTATATAAAARAAAATCCAAATC
641 AGCTTTATTGGTCAAGTATTGACAAATTGGACTAATTAAC
681 TGATCATCAACATCATTCCTAGATATGCAATTGTGTCATA
721 GCTTAAAATATGATTTTGTTTTGACCATACAAATGTCACA
761 CATGCATACATTTTTATTTTTCAAAATTGCATGTTTAAAT
801 TANGTTAAATAGTCCAAACATTCCTCGATGTGTACAGAAA
841 TGACGACCTCCAATGCTGCGTTTTGTATTTACTTTTATTT
881 TTGACTTGTAACTGTGTCATATCTTAAACAGTTGTAATGG
921 CTTAATATGTTTTATTTTGTTTG

Fig. 1. Nucleotide and deduced amino acid (bold) sequences of sb-isgl5 cDNA.
Nucleotides and amino acids are numbered along the left margin. The start (ATG) and
stop (TGA) codons are underlined and the ubiquitin conjugation motif (LRGG) is high-
lighted in grey. The instability motifs (ATTTA) are in bold, and the cytoplasmatic poly-
adenylation element (CPE) is in bold and underlined.
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UBL-domain 1

Sparus awrata qQ QSEKLGVSVQE[R@IVFVN-f&€ -QRT NDDs 57
Carasiuss awratus ISG15-1 3 Q SQHFSQPPYRfS@ISSDN-fe-QRISMEDDS 57
Channa argus A N HSQFGEPPHR[MSIVFVN - -QRI spDDs 57
Cynoglossus semilaevis Q HQRERLNVTPER[:SIVFDN-f¢ - QRK SDNsS 57
Danio rerio 3 Q SQYFNVPTFR{SSISAEN-[E-QRISMEDES 57
Dicentrarchus labrax 4 R HERLGVSPQRIMSEVFVN-f€-QTT NDDS 58
Epinephelus coioides Kfo) QDRFGVPCER[ISIMFVN-f&€ - QKT SNDV 57
Gadus morhua ISG15-1 4 D SQRSRLSPES[ISIFYDN-sGERIIpDDTM 58
Gadus morhua ISG15-3 AHIPMLQSFRLS--Thl@#WFDE -3 GQKI NDDsS 56
Hippoglossum hippoglossum K o) QQEMDVPVQRI:BIVFDN-f& - QRT sDDL 57
Ictalurus punctatus SREMAPRFRKARPSQMEISITN-fe-QIL DQDQ 58
Oplegnathus fasciatus d T QERLGVPPQRISSIVFVN-f6-QTT sDDs 57
Salmo salar K] EEHFRVATTREBBILGVN-f[e-SNISpESDDS 57
Sciaenops ocellatus 4 K QDRLGFPLQRIPBIIFVN-f& - QKT DNDS 57
Scophthalmus maximus Kfo) QDRLGVPTER[M:SVVDN-f&-HRT NNDS 57
Sebastes schlegelii A QQRKLGVQVET[eR:SVFVN-f& -MNT sDDs 57
Solea senegalensis d Q QERLQIPIER[B:BIVFVN-fc-QRT spDT 57
Tetraodon nigroviridis KP-N YQRFGVLPDRIPISMVLVS-[EDERKTpSGDsS 58
Homo sapiens KP-N TQRIGVHAFQEPAVHES[g---V QDR- 57

Sparus aurata -PFIR@3LEKNERKGRK ST Th@s I T P Efluly 3 A E 111
Carasiuss auwratus ISG15-1 eb? HSfe SVVMBBe I T - - - NPy — - — — — VENERGQTK , T F 110
Channa argus G -KRFeAS* LENDRGR TN AR PN E 111
Cynoglossus semilaevis ( VT IASILENVENYVVSANG q R Q 111
Danio rerio G 2 G- --TFloAS3IVENERKGQVK ), T Y 112
Dicentrarchus labrax ( e PE--TI[RSIVRNERGKLS 3T E 113
Epinephelus coioides ( ZP---TIfRSIVRNERGKLN R Q 111
Gadus morhua ISG15-1 ( A ---NIRSILTTVNGQIH A I, R 112
Gadus morhua ISG15-3 A =T -—--TIBESILRTFEGKSR A L Q 114
Hippoglossum hippoglossum G SSPPATFSASILENERNVVT 4R Q 114
Ictalurus punctatus ( = I---PFOR@IVENERGQTK | R Y 113
Oplegnathus fasciatus ( ZPA--TFOR@ILRNERGQVS ST Q 112
Salmo salar ( ZA---PIMSILENERGQTH A A Q 111
Sciaenops ocellatus ZA---T LRNERGQMS A T Q 111
Scophthalmus maximus G =IRPACIfANSILRNERGRVS 4 R Q 114
Sebastes schlegelii Y G ZP---TIfASILRNERGKLS & T Q 111
Solea senegalensis ( 2 - - -VSIASILRNERNQLS d H Q 111
Tetraodon nigroviridis SPRK--TTIRS? LKTQDGKL S KN d K Q 113
Homosapiens @~ = VPLAS[JepdGPfESTVLER VDK -CDE}]- - - - — VRNNEGRSS qQ s 112

%

Conjugaion
Motif

Sparus aurata K -- v 2 G G 155
Carasiuss auratus ISG15-1 R K§s - ME ¥ gy - — — — — — — — 155
Channa argus Q - -k s DR OVEANES DL C I - BReRE - - — — — — — — 155
Cynoglossus semilaevis H -- 162
Danio rerio Q - MF 157
Dicentrarchus labrax K -- 158
Epinephelus coioides 5 -- 155
Gadus morhua ISG15-1 Q SRT Y e — — — — — — — — 158
Gadus morhua ISG15-3 Q SR Y G ( 167
Hippogl: hippogl c =iy Y Yo N - - - - - - - 159
Ictalurus punctatus Q - REp ¥ Yefe - — - — — — — — 158
Oplegnathus fasciatus CRES - - - --— PVS[efel: 88 I Y QGRDMT - YR Y Ye¥e - - - - - — — — 157
Salmo salar NEps - - - - - PAN[YB:BI IHEGRQLE -QT ) e - - - - - — — — 156
Sciaenops ocellatus YRES - - - - - QVS[YR:BE LHQSREMT T — — Rpi b gFe GHF - — — — - 158
Scophthalmus maximus siEfe - - - - - shypE SfeXed:$d v Y QGREMT 2fe - - R Y] e - - — - — - — — 158
Sebastes schlegelii s REGGQ PV SfeXel:$# I H Q GREMN Effe - — Rpi Y| e - — - — — — — — 160
Solea senegalensis CRES - ---- AES[YP:$VFQSREMT - 159
Tetraodon nigroviridis TIRE3 - - - - - QAS[Y RS LEQGREMM - YF b4 ) gefe - - - — — — — — 158
Homo sapiens GIg3——--—-—--— QDDpRRPETFEGEPLED)S - L P EJEGTEPGGRS 165

*

Fig. 2. Alignment of the deduced amino acid sequence of sb-Isg15 with other Isg15 homologue sequences. The predicted ubiquitin-like (UBL) domains are indicated by white boxes above
the sequences. Conserved amino acid regions are shaded in black, dark grey (regions preserved in =85% of the species), or light grey (regions preserved in =75% of the species) and the
six invariant aliphatic residues in each UBL domain are indicated with asterisks. Sequences accession numbers are shown in Supplementary Data, Table S1.
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Order

Perciformes

S. schiegelli
S. maximus
S "

Scorpaeniformes

S. senegalensis Pleuronectiformes
i I

- hipp
P. olivaceous

T. nigroviridis -
O. mykiss |
S. salar

C. argus
S. ocellatus
S. aurata
D. labrax

Tetraodontiformes

Salmoniformes

99

D. rerio
C. auratus ISG15-2
C. auratus ISG15-1

G. morhua 18G15-3
G. morhua 1SG15-1 J
G. morhua 1SG15-2

Cypriniformes

100
Gadiformes

—10047 H. sapiens — Primates
M. I — Rodentia
FAT10 H. sapiens
—
0.1

Fig. 3. Isgl5 phylogenetic tree constructed by the neighbour-joining method using
MEGA?7 software. Numbers on nodes indicate the bootstrap confidence value based on
2000 replications. 0.1 indicates the genetic distance.

was not found in this study, hence 3’-UTR is incomplete, the existence
of additional motifs could not be discarded. In silico analysis revealed
the presence of two conserved tandem UBL domains, and a C-terminal
LRGG conjugation motif in sb-Isgl5 (Fig. 2). The deduced protein ex-
hibits the highest sequence identity (75.6-63.0%) with other fish Isg15
proteins belonging to the Perciformes order, such as Dicentrarchus
labrax, Sciaenops ocellatus, or Oplegnathus fasciatus, (Table S1). The NJ-
phylogenetic tree showed that mammalian and teleost Isg1l5 sequences
were separated into two clusters (Fig. 3) and further subdivision of the
teleost sequences showed that sb-Isgl5 has the closest phylogenetic
relationship with other fish Isgl5 belonging to the Perciformes order,
followed by Scorpaeniformes, Pleuronectiformes, and Tetra-
odontiformes, all included in the Actinopterygii class (Fig. 3).

3.2. Modulation of sb-isgl5 and viral proteins transcription in SAF-1 cells

Stimulation of SAF-1 cells with poly I:C, which mimics the dsRNA
produced during viral infection, for 12 and 24 h resulted in increased
mRNA levels of sb-isgl5 (Fig. 4A), being the highest degree of induction
ocurring at 12 h post-stimulation. Furthermore, infection of SAF-1 cells
with VHSV or with SINNV induced sb-isgl5 transcription but with a
different kinetic (Fig. 4B), the highest induction being at 48 h p.i. in
VHSV-infected cells, and at 24 h p.i. in SINNV-infected cells.

Analysis of the mRNA of viral genes in SAF-1-infected cells (nu-
cleoprotein of VHSV and the capsid protein of SJNNV) revealed a max-
imum level of both viral RNAs at 48 h p.i. (Fig. 4C). Interestingly, in-
fection of SAF cells with SINNV resulted in higher transcription levels
of viral protein compared with the VHSV ones (Fig. 4C).
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Fig. 5. Gilthead seabream isgl5 induction and viral RNA in acidophilic granulocytes
(AGs). (A) Induction of sb-isg15 in AGs inoculated with VHSV (light grey), SINNV (dark
grey), VaDNA (50 pg/ml, black) and VaDNA co-inoculated with VHSV (white) or SINNV
(white and black lines) at 0.1 MOI. Data were normalized with rps18 transcription level
and expressed as mean * SD (n = 3) of fold change in inoculated cells relative to control
untreated cells. (B) Viral RNA of VHSV nucleoprotein (light grey) or SINNV capsid protein
(dark grey) genes in inoculated AGs. Data were normalized with rps18 transcription level
and expressed as relative value to rps18 mean = SD (n = 3). Different letters denote
statistically significant differences among the groups and within each group over the time
according to a Tukey test (p < .05).

3.3. Modulation of sb-isgl5 and viral RNA transcription in seabream AGs

Isgl5 plays an important role in the regulation of macrophage re-
sponses [36], but little is known to date concerning the role of Isgl5 in
neutrophil functions. Therefore, we studied the modulation of sb-isgl5
transcription by viral infection in a purified fraction of professional
phagocytes, AGs, which are functionally equivalent to mammalian
neutrophils [27,30,37-39]. The results showed that VHSV and SINNV
inoculation increased the transcript level of isg15 in seabream AGs from
12h p.i. onwards (Fig. 5A). The maximum transcription levels were
recorded 24h p.i.,, SINNV-infected cells showing a higher induction
rate (10.51) than VHSV-infected cells (6.82) (Fig. 5A).

In a previous report [30], we demonstrated that poly I:C failed to

Fig. 4. Gilthead seabream isgl5 induction and
viral replication in SAF-1 cells. The mRNA levels
of the gene coding for Isgl5 (AyB) and viral

Viral RNA

[ Nucleoprotein

d (VHSV) proteins (C) were determined by real-time RT-
mCapsid protein PCR. (A) sb-isg15 induction after poly I:C (25 ug/
(SJNNV) ml) treatment. (B) sb-isgl5 induction after VHSV

(white) or SJNNV (grey) inoculation (0.1 MOI).
(C) Viral RNA induction of VHSV nucleoprotein
(light grey) or SINNV capsid protein (dark grey)
genes in SAF-1-inoculated cells. Data were nor-
malized with rps18 transcription level and ex-
pressed as mean = SD (n=3) of RNA fold
change levels relative to control untreated cells

48

SD (n = 3) for viral RNA. Different letters denote significant differences (p < .05) among groups and within each group over the time,
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directly activate AGs. In contrast, VaDNA had a powerful impact on the
main AGs functions [30]. So we sought to analyse the effect of stimu-
lation with VaDNA alone or in combination with VHSV and SINNV
inoculation on the regulation of sb-isg15 transcription levels in AGs. The
results showed that VaDNA induced the transcription of sb-isgl5 in
seabream AGs with a similar pattern to that observed in VHSV and
SJNNV, with maximum induction at 24 h post-stimulation and a sig-
nificant decrease of sb-isgl5 transcriptional induction 48 h after the
treatment (Fig. 5A).

Interestingly, the stimulation of AGs with VaDNA accompanied by
viral infection had a synergistic effect on the induction of sb-isgl5
transcription 12 and 48 h post-treatments (Fig. 5A). Furthermore, it is
of interest that the kinetic of the transcription of sb-isgl5 induced by
VaDNA or viral infection was different from that recorded in cells
treated with VaDNA combined with VHSV or SJINNV (Fig. 5A). The
stimulation of AGs with VaDNA and viral infection simultaneously re-
sulted in a more sustained induction of sh-isgl5 transcript than that
observed with independent treatments (Fig. 5A).

As regards viral replication in seabream AGs, VHSV and SJNNV
genome levels significantly increased from 12 h to 48 h p.i. (Fig. 5B). In
addition, IFN I induction elicited by VaDNA seemed to interfere with
viral replication at 24 and 48 h p.i. in VHSV-infected cells, and at 12,
24, and 48 h p.i. in SINNV-inoculated AGs (Fig. 5B), as indicated by the
lower amount of viral genome recorded in cells stimulated with VaDNA
and viral infection compared with cells not treated with VaDNA. The
greatest differences in viral replication between VaDNA-stimulated and
non-stimulated cells were recorded at 48h p.i.: 67.24% lower VHSV-
nucleoprotein RNA and 57.53% lower level of SINNV capsid protein
RNA in cells treated with VaDNA (Fig. 5B).

To further analyse the putative cytopathic effect induced by VHSV
and SINNV in AGs we measured the cellular mortality produced by
viral infection in AGs treated or not with VaDNA (Fig. 6). Upon viral
infection, no differences in the percentage of cellular viability at one or
two days post-infection were observed, apart from the differences in
viral RNA content at these time points. However, at 5 days p.i. a lower
percentage of cell viability was observed in VHSV- or SINNV-infected
AGs compared with non-infected cells. Furthermore, in keeping with
previous studies [38] VaDNA treatment increased the lifespan of AGs
compared with non-treated ones (Fig. 6). Of interest was the fact that
viral infection did not decrease cell viability in VaDNA-stimulated AGs
at any time tested (Fig. 6).
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Fig. 6. Survival rate of purified seabream AGs treated with VaDNA (50 pg/ml), and/or
inoculated with VHSV or SJNNV (0.1 MOI). Data are expressed as mean * SD (n = 3) of
the percentage of PI negative AGs determined by flow cytometry at the indicated time
points. Asterisks indicate statistically significant differences (p < .05) between non-
treated and VaDNA-treated groups. Different letters denote statistically significant dif-
ferences (p < .05) among all groups according to a Tukey test of means comparison.
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4. Discussion

The full-length cDNA of an isgl5 gene from S. aurata (sb-isgl5) was
identified. Like all known Isgl5, sb-Isgl5 contains two tandem UBL
domains and the LRGG motif. In addition, three instability motifs were
identified in the 3’-UTR of sb-isg15, as has also been detected in several
fish isg15 sequences, varying from one in zebrafish (Danio rerio) to six in
Japanese flounder (Paralichthys olivaceus). These sequences have a di-
rect effect on mRNA stability and translation efficiency [34,35,40].
Besides, a CPE, which is an U-rich sequence able to repress or exert
translation depending on the cellular type [41], was also found in the
sb-isgl5 3’-UTR region. This motif is also present in several fish isgl15,
such as zebrafish, Japanese flounder, turbot, or seabass [42]. The pre-
sence of both types of regulatory elements in fish, but not in mamma-
lian isg15, suggests that the expression of fish isg15 genes is subjected to
a tight post-transcriptional regulation.

When the deduced amino acid sequence of sb-Isgl5 was compared
with other fish and mammalian Isgl5 sequences, a high degree of
conservation of the UBL domains, especially of the six aliphatic residues
that are crucial for the ubiquitin-like protein structure [43], was ob-
served. The LRGG motif, which is essential for ISGylation and, there-
fore, for the direct antiviral activity of Isg15 proteins [3], is present in
sb-Isgl5 but without the additional amino acids that appear in other
fish and mammalian Isg15 proteins [44]. In human and mouse, Isgl5 is
synthesized as a precursor protein which is post-translational processed
by a cellular converting enzyme that cleaves additional C-terminal
amino acids, exposing the LRGG residues for conjugation [44]. Inter-
estingly, the lack of these additional amino acids on sb-Isgl5 could
allow the exposure of the conjugating motif and hence suggest that a
post-translational processed is not required. However, additional stu-
dies are needed to determine whether sb-Isgl5 is synthesized as an
active protein.

Phylogenetic analysis of sb-Isgl5 confirmed that it represents the
orthologue of fish and mammalian Isg15. Sb-Isg15 exhibited the closest
relationship with Isg15 from other species within the Perciformes order,
followed by those from Gadiformes, Cypriniformes, Siluriformes or
Salmoniformes, which showed identity percentages around 50%. When
compared with mammalian Isgl5, the identity percentages of sb-Isg15
were around 30%. Across mammals, Isgl5 conservation is also poor
[45]. These data suggest an interspecies diversification of this protein
that would be interesting to analyse at functional level. Key functional
differences have been found between murine and human Isg15, murine
Isgl5 showing clear antiviral activity and human Isg15 playing a more
powerful role as a negative regulator of IFN signalling [7,46-48].
Further studies are necessary to disclose putative functional differences
between fish Isg15 proteins, and to what extent Isg15-species specificity
contributes to the different responses of fish to viral infections.

Two in vitro systems were used in this study to characterize the role
of sb-isgl5 in the host immune defense against viral infections in gilt-
head seabream: the established cell line SAF-1 and AGs. In SAF-1 cells,
sb-isgl5 transcription was up-regulated by the IFN inducer poly I:C, and
by VHSV and SINNV infections, which supports a putative role for sb-
Isgl5 in the antiviral defense system in that species. Poly I:C triggered
an earlier and stronger up-regulation than that of both viruses, probably
due to the direct activation of the immune system by poly I:C. In con-
trast, viruses have to replicate before they can generate a noticeable
response. Similar results have been obtained for other fish isg15, both in
vivo and in vitro [10,11,13,42-44,49,50]; however, grouper (Epinephelus
coioides) isgl5 showed stronger induction after GNNV infection than
after treatment with poly I:C [13].

In mammals, several viruses have been shown to induce the ex-
pression of ISGs in neutrophils [51], which are the most abundant
circulating granulocytes and play an important role in the innate host
response [52]. Similar physiological responses have been documented
for seabream AGs and mammalian neutrophils, so seabream AGs could
be considered the functional equivalents of mammalian neutrophils
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[26,27,30,31,37-39]. In addition to cytotoxic cells, phagocytes (mac-
rophages and granulocytes) play important roles in viral clearance.
Therefore, seabream AGs represent a valuable experimental system to
study virus-host interactions. In a previous report, we demonstrated
that poly L:C fail to directly activate AGs [30]. In contrast, VaDNA has a
powerful impact on the main biological functions of AGs like phago-
cytosis, respiratory burst and cytokine production [30]. Here, we have
shown that the inoculation of seabream AGs with VHSV and SINNV
results in increased mRNA levels of sb-isgl5. Interestingly, stimulation
of those cells with VaDNA triggered the up-regulation of sb-isgl5
transcription levels more than those of VHSV or SINNV inoculation.
These findings are consistent with previous reports demonstrating that,
besides viral infections, the transcription of mammalian isg15 is also
induced by other factors like lipopolysaccharide (LPS), bacterial in-
fection, p53, and certain genotoxic stress factors (reviewed in Ref.
[53]). In fish, mycobacterial infection induced isgl5 transcription in
immune associated organs of goldfish (Carassius auratus) [54], formalin
killed V. anguillarum induced isgl15 transcription in cod (Gadus morhua)
head kidney [10], and IFN-y induced Isgl5 in Atlantic salmon (Salmo
salar) cells [55].

Analysis of the viral genome content demonstrated that VHSV and
SINNV replicated in the two in vitro systems used in this study and, as
expected, the viral charge increased with time. Interestingly, as in SAF-
1 cells, inoculation of AGs with VHSV or with SINNV triggered sb-isg15
transcription up-regulation at a similar level. Interestingly, viral
genome replication was lower in simultaneously VaDNA-stimulated and
viral-infected AGs compared with viral infection alone. Furthermore,
simultaneous stimulation of AGs with VaDNA and viral infection trig-
gered lower induction of sb-isgl5 transcript levels than that VaDNA
alone, but it was more sustained than that with independent treatments,
suggesting that both viral infections interfered with sb-isg15 induction,
probably to prevent antiviral activity. These results suggest that VaDNA
stimulated sb-isgl5 transcription and, probably the complete IFN re-
sponse, in AGs during the early stages of the infections, thus reducing
but not preventing viral replication. Then, as viruses usually antagonize
the type I IFN system through non-structural proteins (reviewed in Ref.
[56]), when VHSV and SJNNV protein expression started, viral proteins
might have interfered with the transcription of sb-isgl5. Interference of
VHSV and SINNV against the IFN system has previously been reported
in vivo in Senegalese sole (Solea senegalensis) and Japanese flounder
[50,57] and in vitro in RTG and EPC cells [58,59]. Thus, our results add
gilthead seabream to the group of fish species where VHSV and SINNV
show antagonistic activity against the IFN response.

It is interesting that VHSV and SINNV genome replication was
higher in AGs than in SAF-1 cells; however, both viral infections trig-
gered weak sb-isgl5 induction in AGs compared with that observed in
SAF-1 cells. This phenomenon could be explained by differences in
basal sb-isgl5 expression levels among SAF-1 cells and AGs. In this re-
gard, although not statistically significant, a tendency towards lower
constitutive mRNA levels of sb-isgl5 was observed in AGs compared
with SAF-1 (data not shown). So, the two systems used in this study
reveal the complexity of the antiviral response and the variable beha-
vior of the two cell types to viral infection regarding their IFN response
activation level, which could be due to the specific role of AGs in the
immune response. To the best of our knowledge, this is the first evi-
dence of viral replication in fish AGs. Furthermore, viral replication
exerted a cytophatic effect on seabream AGs by increasing cellular
mortality. Apoptosis after infection with many types of viruses is gen-
erally considered as a self-defense mechanism [36,60,61]. Besides the
fact that SINNV genome replication was higher than that of VHSV in
AGs, interestingly, there were no differences in cell mortality among
treatments. In previous studies we demonstrated that apoptosis is the
default state of gilthead seabream AGs and that microbial products, like
VaDNA, extend their functional lifespan in culture [38]. The results
herein showed that the stimulation of AGs with VaDNA prevents cell
death even in the presence of viral infection. The prevention of AGs
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mortality by TLR-agonists is mediated by a mechanism that is depen-
dent on p38 MAPK [38]. So, in view of these results, it is tempting to
speculate that the activation of downstream p38 MAPK signalling
pathways in the host by VHSV and SINNV is required for viral infection
to proceed. In mammals, several viruses have been found to produc-
tively infect neutrophils, and it has been suggested that these viruses
might use neutrophils as transport vehicles for dissemination in the
body [62]. In addition, Zhang et al. [7] recently showed that influenza
A virus can be replicated in and released by human neutrophils, and
may play a significant role in the infection course. Further studies are
necessary to determine whether VHSV and SINNV viral particles are
released from seabream AGs and the putative consequences that this
might have regarding pathogenesis of these infections.

In summary, this study describes the molecular structure of gilthead
seabream isgl5 and its deduced protein, which shows similar char-
acteristics to that observed in other fish species. Two cellular in vitro
models (the SAF-1 cell line and AGs), two virus infection models (VHSV
and SJNNV) and two TLR-ligands (poly I:C and VaDNA) have been used
to gain insight into the role of Isg15 in the host immune defense against
viral infections in this species. Using these models, we report here the
up-regulation of sb-isgl5 transcription in both cell types at different
levels but with similar kinetics as well as the correlation of sb-isgl5
transcript level and viral genome replication. Furthermore both viruses
exerted a similar cytopathic effect on AGs, recorded as cell death, which
was abolished by concomitant virus infection and TLR activation. The
results highlight the complexity of the antiviral response and the vari-
able behavior of different cell types to viral infection and confirm the
use of gilthead seabream AGs as a valuable experimental system for
illustrating virus-host interactions in this fish species.

Acknowledgments

We thank Inma Fuentes and Pedro J. Martinez (University of
Murcia) for their excellent technical assistance, Dr. Victoriano Mulero
(University of Murcia) for continuous support and Drs. A.E. Toranzo
and J.L. Barja (University of Santiago) for the R82 strain of V.
Anguillarum.

This work was supported by the Spanish Ministerio de Economia y
Competitividad (research grant AGL2012-39674 to M.P.S., PhD fel-
lowship to V.G.).

D. Alvarez-Torres was supported by a postdoc fellowship from Junta
de Andalucia (Proyecto de Excelencia P09-CVI-4579) and the mobility
research plan from the Universidad de Malaga.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/].fsi.2017.12.027.

References

[1] C.E. Samuel, Antiviral actions of interferons, Clin. Microbiol. Rev. 14 (4) (2001)
778-809.

D.J. Morales, D.J. Lenschow, The antiviral activities of ISG15, J. Mol. Biol. 425 (24)
(2013) 4995-5008.

J. Herrmann, L.O. Lerman, A. Lerman, Ubiquitin and ubiquitin-like proteins in
protein regulation, Circ. Res. 100 (9) (2007) 1276-1291.

J.A. Campbell, D.J. Lenschow, Emerging roles for immunomodulatory functions of
free ISG15, J. Interferon Cytokine Res. 33 (12) (2013) 728-738.

L.A. Durfee, N. Lyon, K. Seo, J.M. Huibregtse, The ISG15 conjugation system
broadly targets newly synthesized proteins: implications for the antiviral function of
ISG15, Mol. Cell. 38 (5) (2010) 722-732.

S.W. Werneke, C. Schilte, A. Rohatgi, K.J. Monte, A. Michault, F. Arenzana-
Seisdedos, et al., ISG15 is critical in the control of Chikungunya virus infection
independent of UbE1L mediated conjugation, PLoS Pathog. 7 (10) (2011)
e1002322.

X. Zhang, D. Bogunovic, B. Payelle-Brogard, V. Francois-Newton, S.D. Speer,

C. Yuan, et al., Human intracellular ISG15 prevents interferon-a/f over-amplifi-
cation and auto-inflammation, Nature 517 (7532) (2015) 89-93.

J. D'Cunha, E. Knight, A.L. Haas, R.L. Truitt, E.C. Borden, Inmunoregulatory

[2]
[3]
[4]

[5]

[6]

[7

[8]


http://dx.doi.org/10.1016/j.fsi.2017.12.027
http://dx.doi.org/10.1016/j.fsi.2017.12.027
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref1
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref1
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref2
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref2
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref3
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref3
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref4
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref4
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref5
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref5
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref5
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref6
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref6
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref6
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref6
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref7
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref7
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref7
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref8

D. Alvarez-Torres et al.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

properties of ISG15, an interferon-induced cytokine, Proc. Natl. Acad. Sci. U. S. A.
93 (1) (1996) 211-215.

S.J. Poynter, S.J. DeWitte-Orr, Fish interferon-stimulated genes: the antiviral ef-
fectors, Dev. Comp. Immunol. 65 (2016) 218-225.

M. Seppola, J. Stenvik, K. Steiro, T. Solstad, B. Robertsen, I. Jensen, Sequence and
expression analysis of an interferon stimulated gene (ISG15) from Atlantic cod
(Gadus morhua L.), Dev. Comp. Immunol. 31 (2) (2007) 156-171.

W. Wang, M. Zhang, Z. Xiao, L. Sun, Cynoglossus semilaevis ISG15: a secreted
cytokine-like protein that stimulates antiviral immune response in a LRGG motif-
dependent manner, PLoS One 7 (9) (2012) e44884.

C. Langevin, L.M. van der Aa, A. Houel, C. Torhy, V. Briolat, A. Lunazzi, et al.,
Zebrafish ISG15 exerts a strong antiviral activity against RNA and DNA viruses and
regulates the interferon response, J. Virol. 87 (18) (2013) 10025-10036.

X. Huang, Y. Huang, J. Cai, S. Wei, Z. Ouyang, Q. Qin, Molecular cloning, expres-
sion and functional analysis of ISG15 in orange-spotted grouper, Epinephelus
coioides, Fish Shellfish Immunol. 34 (5) (2013) 1094-1102.

J.J. Borrego, E.J. Valverde, A.M. Labella, D. Castro, Lymphocystis disease virus: its
importance in aquaculture, Rev. Aquacult. 9 (2015) 179-193.

M.A. Esteban, J. Meseguer, C. Tafalla, A. Cuesta, NK-like and oxidative burst ac-
tivities are the main early cellular innate immune responses activated after virus
inoculation in reservoir fish, Fish Shellfish Immunol. 25 (4) (2008) 433-438.

J. Castric, R. Thiéry, J. Jeffroy, P. de Kinkelin, J. Raymond, Sea bream Sparus
aurata, an asymptomatic contagious fish host for nodavirus, Dis. Aquat. Org. 47 (1)
(2001) 33-38.

B.L. Munday, J. Kwang, N. Moody, Betanodavirus infections of teleost fish, J. Fish.
Dis. 25 (3) (2002) 127-142.

H.F. Skall, N.J. Olesen, S. Mellergaard, Viral haemorrhagic septicaemia virus in
marine fish and its implications for fish farming, J. Fish. Dis. 28 (9) (2005)
509-529.

J.M. Cutrin, C.P. Dopazo, R. Thiéry, P. Leao, J.G. Olveira, J.L. Barja, et al.,
Emergence of pathogenic betanodaviruses belonging to the SINNV genogroup in
farmed fish species from the Iberian Peninsula, J. Fish. Dis. 30 (4) (2007) 225-232.
E. Gomez-Casado, A. Estepa, J.M. Coll, A comparative review on European-farmed
finfish RNA viruses and their vaccines, Vaccine 29 (15) (2011) 2657-2671.

M. Cieslak, S.S. Mikkelsen, H.F. Skall, M. Baud, N. Diserens, M.Y. Engelsma, et al.,
Phylogeny of the viral hemorrhagic septicemia virus in european aquaculture, PLoS
One 11 (10) (2016) e0164475.

C. Lépez-Véazquez, M. Conde, C. Dopazo, J. Barja, 1. Bandin, Susceptibility of ju-
venile sole Solea senegalensis to marine isolates of viral haemorrhagic septicaemia
virus from wild and farmed fish, Dis. Aquat. Org. 93 (2) (2011) 111-116.

V. Panzarin, A. Fusaro, I. Monne, E. Cappellozza, P. Patarnello, G. Bovo, et al.,
Molecular epidemiology and evolutionary dynamics of betanodavirus in southern
Europe, Infect. Genet. Evol. 12 (1) (2012) 63-70.

L.J. Reed, H. Muench, A simple method of estimating fifty per cent endpoints, Am.
J. Epidemiol. 27 (3) (1938) 493-497.

F.J. Roca, M.A.P. Sepulcre, G. Lépez-Castejon, J. Meseguer, V. Mulero, The colony-
stimulating factor-1 receptor is a specific marker of macrophages from the bony fish
gilthead seabream, Mol. Immunol. 43 (9) (2006) 1418-1423.

M.P. Sepulcre, P. Pelegrin, V. Mulero, J. Meseguer, Characterisation of gilthead
seabream acidophilic granulocytes by a monoclonal antibody unequivocally points
to their involvement in fish phagocytic response, Cell Tissue Res. 308 (1) (2002)
97-102.

J. Bejar, J.J. Borrego, M.C. Alvarez, A continuous cell line from the cultured marine
fish gilt-head seabream (Sparus aurata L.), Aquaculture 150 (1-2) (1997) 143-153.
P. Pelegrin, E. Chaves-Pozo, V. Mulero, J. Meseguer, Production and mechanism of
secretion of interleukin-1beta from the marine fish gilthead seabream, Dev. Comp.
Immunol. 28 (3) (2004) 229-237.

M.P. Sepulcre, G. Lopez-Castejon, J. Meseguer, V. Mulero, The activation of gilt-
head seabream professional phagocytes by different PAMPs underlines the beha-
vioural diversity of the main innate immune cells of bony fish, Mol. Immunol. 44
(8) (2007) 2009-2016.

V. Gémez-Abellan, J. Montero, A. Lopez-Munoz, A. Figueras, M. Arizcun, V. Mulero,
et al., Professional phagocytic granulocyte-derived PGD2 regulates the resolution of
inflammation in fish, Dev. Comp. Immunol. 52 (2) (2015) 182-191.

D. Alvarez-Torres, E. Garcia-Rosado, M.A. Fernandez-Trujillo, J. Bejar,

M.C. Alvarez, J.J. Borrego, et al., Antiviral specificity of the Solea senegalensis mx
protein constitutively expressed in CHSE-214 cells, Mar. Biotechnol. 15 (2) (2013)
125-132.

B. Lopez-Jimena, E. Garcia-Rosado, C. Infante, D. Castro, J.J. Borrego, M. Carmen
Alonso, Effect of the coexistence on the replication of striped jack nervous necrosis
virus (SJNNV) and red-spotted grouper nervous necrosis virus (RGNNV) using an in
vitro approach, J. Appl. Ichthyol. 30 (5) (2014) 916-922.

J. Han, T. Brown, B. Beutler, Endotoxin-responsive sequences control cachectin/
tumor necrosis factor biosynthesis at the translational level, J. Exp. Med. 171 (2)
(1990) 465-475.

F.J. Roca, M.L. Cayuela, C.J. Secombes, J. Meseguer, V. Mulero, Post-transcriptional
regulation of cytokine genes in fish: a role for conserved AU-rich elements located
in the 3’-untranslated region of their mRNAs, Mol. Immunol. 44 (4) (2007)
472-478.

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Fish and Shellfish Immunology 73 (2018) 220-227

E. Yangiiez, A. Garcfa-Culebras, A. Frau, C. Llompart, K.-P. Knobeloch, S. Gutierrez-
Erlandsson, et al., ISG15 regulates peritoneal macrophages functionality against
viral infection, PLoS Pathog. 9 (10) (2013) e1003632.

E. Chaves-Pozo, P. Pelegrin, J. Garcia-Castillo, A. Garcia-Ayala, V. Mulero,

J. Meseguer, Acidophilic granulocytes of the marine fish gilthead seabream (Sparus
aurata L.) produce interleukin-1f following infection with Vibrio anguillarum, Cell
Tissue Res. 316 (2) (2004) 189-195.

M.P. Sepulcre, A. Lépez-Muioz, D. Angosto, A. Garcia-Alcazar, J. Meseguer,

V. Mulero, TLR agonists extend the functional lifespan of professional phagocytic
granulocytes in the bony fish gilthead seabream and direct precursor differentiation
towards the production of granulocytes, Mol. Immunol. 48 (6) (2011) 846-859.

1. Cabas, M.C. Rodenas, E. Abellan, J. Meseguer, V. Mulero, A. Garcia-Ayala,
Estrogen signaling through the G protein—coupled estrogen receptor regulates
granulocyte activation in fish, J. Immunol. 191 (9) (2013).

L.W. Barrett, S. Fletcher, S.D. Wilton, Regulation of eukaryotic gene expression by
the untranslated gene regions and other non-coding elements, Cell. Mol. Life Sci. 69
(21) (2012) 3613-3634.

J. Ross, mRNA stability in mammalian cells, Microbiol. Rev. 59 (3) (1995) 423-450.
P. Moreno, E. Garcia-Rosado, J.J. Borrego, M.C. Alonso, Genetic characterization
and transcription analyses of the European sea bass (Dicentrarchus labrax) isgl5
gene, Fish Shellfish Immunol. 55 (2016) 642-646.

J.Y. Lin, G. Hu, Bin, D.H. Liu, S. Li, Q.M. Liu, S.C. Zhang, Molecular cloning and
expression analysis of interferon stimulated gene 15 (ISG15) in turbot, Scophthalmus
maximus, Fish Shellfish Immunol. 45 (2) (2015) 895-900.

D. Alvarez-Torres, A.M. Podadera, M.C. Alonso, 1. Bandin, J. Béjar, E. Garcia-
Rosado, Molecular characterization and expression analyses of the Solea senegalensis
interferon-stimulated gene 15 (isg15) following NNV infections, Fish Shellfish
Immunol. 66 (2017) 423-432.

M. Hermann, D. Bogunovic, ISG15: in sickness and in health, Trends Immunol. 38
(2) (2017) 79-93.

H. Sridharan, C. Zhao, R.M. Krug, Species specificity of the NS1 protein of influenza
B virus: NS1 binds only human and non-human primate ubiquitin-like ISG15 pro-
teins, J. Biol. Chem. 285 (11) (2010) 7852-7856.

G.A. Versteeg, B.G. Hale, S. van Boheemen, T. Wolff, D.J. Lenschow, A. Garcia-
Sastre, Species-specific antagonism of host ISGylation by the influenza B virus NS1
protein, J. Virol. 84 (10) (2010) 5423-5430.

S.D. Speer, Z. Li, S. Buta, B. Payelle-Brogard, L. Qian, F. Vigant, et al., ISG15 de-
ficiency and increased viral resistance in humans but not mice, Nat. Commun. 7
(2016) 11496.

M. Yasuike, H. Kondo, I. Hirono, T. Aoki, Identification and characterization of
Japanese flounder, Paralichthys olivaceus interferon-stimulated gene 15 (Jf-ISG15),
Comp. Immunol. Microbiol. Infect. Dis. 34 (1) (2011) 83-91.

D. Alvarez-Torres, A.M. Podadera, J. Bejar, 1. Bandin, M. Carmen Alonso, E. Garcia-
Rosado, Role of the IFN i system against the VHSV infection in juvenile Senegalese
sole (Solea senegalensis), Vet. Res. 47 (1) (2016) 1-11.

F.X. Ivan, K.S. Tan, M.C. Phoon, B.P. Engelward, R.E. Welsch, J.C. Rajapakse, et al.,
Neutrophils infected with highly virulent influenza H3N2 virus exhibit augmented
early cell death and rapid induction of type I interferon signaling pathways,
Genomics 101 (2) (2013) 101-112.

F. Hayashi, T.K. Means, A.D. Luster, Toll-like receptors stimulate human neutrophil
function, Blood 102 (7) (2003) 2660-2669.

Y.J. Jeon, H.M. Yoo, C.H. Chung, ISG15 and immune diseases, Biochim. Biophys.
Acta (BBA) - Mol. Basis Dis. 1802 (5) (2010) 485-496.

M. Liu, R. Reimschuessel, B.A. Hassel, Molecular cloning of the fish interferon sti-
mulated gene, 15 kDa (ISG15) orthologue: a ubiquitin-like gene induced by ne-
phrotoxic damage, Gene 298 (2) (2002) 129-139.

B. Sun, L. Skjaveland, T. Svingerud, J. Zou, J. Jgrgensen, B. Robertsen, Antiviral
activity of salmonid gamma interferon against infectious pancreatic necrosis virus
and salmonid alphavirus and its dependency on type I interferon, J. Virol. 85 (17)
(2011) 9188-9198.

F. Weber, G. Kochs, O. Haller, P. Staeheli, Viral evasion of the interferon system: old
viruses, new tricks, J. Interferon Cytokine Res. 23 (4) (2003) 209-213.

M.S. Kim, K.H. Kim, Effects of NV gene knock-out recombinant viral hemorrhagic
septicemia virus (VHSV) on Mx gene expression in Epithelioma papulosum cyprini
(EPC) cells and olive flounder (Paralichthys olivaceus), Fish Shellfish Immunol. 32
(3) (2012) 459-463.

B. Collet, P. Boudinot, A. Benmansour, C.J. Secombes, An Mx1 promoter-reporter
system to study interferon pathways in rainbow trout, Dev. Comp. Immunol. 28 (7)
(2004) 793-801.

M.S. Kim, K.H. Kim, The role of viral hemorrhagic septicemia virus (VHSV) NV gene
in TNF-a and VHSV infection-mediated NF-kB activation, Fish Shellfish Immunol.
34 (5) (2013) 1315-1319.

S. Balachandran, P.C. Roberts, L.E. Brown, H. Truong, A.K. Pattnaik, D.R. Archer,
et al., Essential role for the dsRNA-dependent protein kinase PKR in innate im-
munity to viral infection, Immunity 13 (1) (2000) 129-141.

G.N. Barber, Host defense, viruses and apoptosis, Cell Death Differ. 8 (2) (2001)
113-126.

B. Drescher, F. Bai, Neutrophil in viral infections, friend or foe? Virus Res. 171 (1)
(2013) 1-7.


http://refhub.elsevier.com/S1050-4648(17)30768-4/sref8
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref8
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref9
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref9
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref10
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref10
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref10
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref11
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref11
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref11
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref12
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref12
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref12
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref13
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref13
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref13
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref14
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref14
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref15
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref15
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref15
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref16
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref16
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref16
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref17
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref17
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref18
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref18
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref18
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref19
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref19
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref19
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref20
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref20
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref21
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref21
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref21
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref23
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref23
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref23
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref24
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref24
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref24
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref25
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref25
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref26
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref26
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref26
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref27
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref27
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref27
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref27
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref28
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref28
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref29
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref29
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref29
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref30
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref30
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref30
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref30
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref31
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref31
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref31
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref32
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref32
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref32
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref32
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref33
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref33
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref33
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref33
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref34
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref34
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref34
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref35
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref35
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref35
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref35
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref36
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref36
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref36
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref37
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref37
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref37
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref37
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref38
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref38
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref38
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref38
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref39
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref39
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref39
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref40
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref40
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref40
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref41
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref42
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref42
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref42
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref43
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref43
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref43
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref44
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref44
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref44
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref44
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref45
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref45
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref46
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref46
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref46
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref47
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref47
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref47
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref48
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref48
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref48
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref49
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref49
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref49
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref50
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref50
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref50
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref51
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref51
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref51
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref51
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref52
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref52
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref53
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref53
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref54
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref54
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref54
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref55
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref55
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref55
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref55
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref56
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref56
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref57
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref57
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref57
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref57
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref58
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref58
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref58
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref59
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref59
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref59
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref60
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref60
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref60
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref61
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref61
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref62
http://refhub.elsevier.com/S1050-4648(17)30768-4/sref62

	Identification of an interferon-stimulated gene, isg15, involved in host immune defense against viral infections in gilthead seabream (Sparus aurata L.)
	Introduction
	Materials and methods
	Animals
	Amino acid sequence analysis
	Virus propagation
	Isolation of phagocytes
	Cell culture and treatments
	Analysis of gene expression
	Cell viability
	Statistical analysis

	Results
	Identification and characterization of gilthead seabream isg15
	Modulation of sb-isg15 and viral proteins transcription in SAF-1 cells
	Modulation of sb-isg15 and viral RNA transcription in seabream AGs

	Discussion
	Acknowledgments
	Supplementary data
	References




