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ABSTRACT 24 

ISG15 is an antiviral protein acting intracellularly, by conjugation to viral or cellular 25 

proteins, or extracellularly, as cytokine. In this work, an in vitro system, consisting of E-26 

11 cells over-expressing European sea bass ISG15 (Dl_ISG15_E11 cells), has been 27 

developed to evaluate the European sea bass ISG15 protein activity against RGNNV 28 

and SJNNV isolates. Regarding RGNNV, RNA2 copy number and viral titres were 29 

similar in E-11 and Dl_ISG15_E11 cells, and the cellular survival analyses 30 

demonstrated that Dl_ISG15_E11 cells were not protected against this virus. In contrast, 31 

ISG15 compromises SJNNV replication, since a reduction of the SJNNV genome 32 

synthesis has been recorded. The ISG15 anti-SJNNV activity was confirmed by viral 33 

titration and survival assays. In addition, a role of the intracellular ISG15 in modulating 34 

the transcription of endogenous genes has being recorded, with tlr3 gene being knocked 35 

out and e3 gene being up-regulated in RGNNV-inoculated Dl_ISG15_E11 cells. Sea 36 

bass ISG15 has also been detected extracellularly, and its activity has been evaluated by 37 

co-culture. The survival rate of RGNNV-inoculated E-11 cells increased from 25% to 38 

46% when they were co-cultured with ISG15-producing cells. Similarly, the survival 39 

rate of SJNNV-inoculated E-11 cells increased from 27% to 51% in co-culture with 40 

ISG15-producing cells. To our knowledge, this is the first description of a differential 41 

antiviral activity of an ISG15 protein against two betanodavirus species, and the first 42 

evaluation of the cytokine-like activity of a fish ISG15 protein on non-immune cells. 43 

44 
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1. Introduction45 

46 

Type I interferon (IFN I) is a cytokine involved in the antiviral innate immune 47 

system of vertebrates [1–3]. After viral infection, cells secrete IFN I, which is detected 48 

by neighbouring cells, inducing the transcription of numerous interferon-stimulated 49 

genes (ISGs), including the interferon-stimulated gene 15 (isg15). The isg15-encoding 50 

protein (ISG15) is a 15-kDa protein composed of two ubiquitin-like domains (UBL), 51 

connected by a short linker sequence, and a conserved C-terminal RLRGG motif, which 52 

is required for conjugation to viral or cellular proteins, in a process called ISGylation. 53 

ISGylation occurs through a pathway similar to that of ubiquitination [4], resulting in 54 

the modification of some characteristics of the conjugated proteins, such as location, 55 

stability and activity [5]. In mammals, hundreds of proteins, involved in all stages of 56 

cellular biology, have been described as ISGylation-target proteins [6–8]. Regarding 57 

viral infections, ISG15 has been described to limit virus release by conjugating cellular 58 

proteins involved in ligase activity and secretory pathways, such as Nedd4, TSG101 and 59 

CHMP5, in Ebola virus, influenza virus and HIV-1 virus infections, respectively [9–11], 60 

or conjugating viral proteins, such as influenza NS1 and NP proteins [12,13]. 61 

ISG15 proteins have also been found extracellularly, acting as cytokine [14,15]. 62 

Thus, this protein has been detected in IFN I-treated human leukocyte and monocyte 63 

cultures [14,16], promoting IFN-γ production by immune system cells, mainly natural 64 

killers (NK) and lymphocytes T [14,17–19]. 65 

Viral nervous necrosis is a widely spread neuropathological disease that affects 66 

European sea bass (Dicentrarchus labrax), specially at larval and juvenile stages [20–67 

24]. Main signals of this disease are lesions in nervous tissues, causing alterations in 68 

swimming and floatability, anorexia and visual anomalies. The etiological agent is the 69 



4 

nervous necrosis virus (NNV, Betanodavirus genus), a single-stranded, positive-sense 70 

RNA virus, with a bipartite genome composed of RNA1 and RNA2 segments, coding 71 

the viral polymerase and the capsid protein, respectively [25]. Based on the nucleotide 72 

variability in the RNA2 segment, betanodaviruses have been clustered into four species 73 

(former genotypes) [26,27]; however, only red-spotted grouper- (RGNNV) and striped 74 

jack- (SJNNV) nervous necrosis virus have been detected in sea bass, which is 75 

susceptible to both viral species, although causing very different mortality rates, as it 76 

has been demonstrated by experimental infections [28,29]. 77 

In fish, isg15 is one of the earliest and most highly-expressed ISGs following viral 78 

infections [30–34]. Recently, Moreno et al. [35] have described the structure of 79 

European sea bass isg15, which is similar to that described for other fish isg15 genes, 80 

being composed of one 510-bp long open reading frame (ORF), with an intron located 81 

in the 5’-untranslated region (UTR). The in vivo transcription of this gene after RGNNV 82 

and SJNNV inoculation has also been evaluated, demonstrating that both viral species 83 

are strong isg15 inductors in sea bass brain and head kidney [35,36]. 84 

In addition, studies on the antiviral activity of ISG15 proteins from several fish 85 

species, such as grouper (Epinephelus coioides) and zebrafish (Danio rerio), have 86 

revealed activity against several fish viruses, such as grouper nervous necrosis virus 87 

(GGNV) [37], infectious hematopoietic necrosis virus (IHNV), viral haemorrhagic 88 

septicaemia virus (VHSV), infectious pancreatic necrosis virus (IPNV), and epizootic 89 

haematopoietic necrosis virus (EHNV) [38]. 90 

The aim of the present study has been to study the role of the European sea bass 91 

ISG15 protein against betanodavirus infections. As a first step, the isg15 ORF has been 92 

cloned into an expression vector in order to develop an in vitro system suitable for 93 

evaluating the antiviral activity of this protein. 94 

https://en.wikipedia.org/wiki/Infectious_hematopoietic_necrosis_virus
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3566970/
https://www.dpi.nsw.gov.au/fishing/pests-diseases/animal-health/wildfish-shellfish/ehnv
https://www.dpi.nsw.gov.au/fishing/pests-diseases/animal-health/wildfish-shellfish/ehnv
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95 

2. Materials and methods96 

97 

2.1. Viruses and viral propagation 98 

99 

Viral isolates SpDl_IAusc965.09 (RGNNV) [35] and SJ93Nag (SJNNV) [39] were 100 

propagated and titrated on the E-11 cell line [40]. 101 

E-11 cells were grown in Leibovitz L-15 medium (Gibco) supplemented with 10%102 

foetal bovine serum (FBS, Gibco), 100 unit/ml penicillin and 10 mg/ml streptomycin 103 

(Sigma) (growth medium) at 25 oC until confluence. Once inoculated, these cells were104 

maintained in L-15 supplemented with 2% FBS, 100 units/ml penicillin and 10 mg/ml 105 

streptomycin (maintenance medium) at 25 o
C (RGNNV) or 20

 o
C (SJNNV), until106 

cytopathic effect (CPE) development. Viral suspensions were titrated on E-11 cells 107 

following the 50% tissue culture infective dose method (TCID50) [41]. 108 

109 

2.2. Establishment of a cell line constitutively expressing sea bass ISG15 protein 110 

(Dl_ISG15) 111 

112 

Sea bass isg15 cDNA was obtained from juvenile specimens (n = 3) (6 g, average 113 

weight) intraperitoneally injected with polyinosinic:polycytidylic acid (poly I:C, 114 

CalBiochem, 1 mg/fish). At 8 h post-infection (p.i.), fish were killed by anaesthetic 115 

overdose (MS-222, Sigma), and head kidneys were frozen in liquid nitrogen until used. 116 

Head kidneys were individually homogenized, and total RNA was extracted with the 117 

TRI reagent solution (Sigma). After RNA treatment with DNase I Recombinant from 118 
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bovine pancreas (Roche), cDNA was synthesized using 1 μg of RNA and the 119 

Transcriptor First Strand cDNA Synthesis Kit (Roche). 120 

Sea bass isg15 was amplified using the pair of primers DlISG15 NotI-F (5’-121 

GATCACAAGGGCGGCCGCATGATGGATATAACC-3’) and DlISG15 XhoI-R (5’-122 

TATGAGCCTCGAGGGTGCTCAGCCTCCTCTCAG-3’), and the Universe High-123 

Fidelity Hot Start DNA polymerase (Biotools), as described by Moreno et al. [35]. 124 

Amplified products were cloned in the pGemT easy vector (Promega) and subsequently 125 

sub-cloned in the expression vector pcDNA™4/HisMax B (Invitrogen), containing the 126 

cytomegalovirus (CMV) promoter, a polyhistidine metal-binding tag, and the Zeocin™ 127 

resistance gene. Purified plasmids (labelled as Dl_ISG15_pcDNA) were stored at -20 128 

o
C until cell transfection. 129 

Monolayers of E-11 cells grown on 6-well plates were transfected using the 130 

Lipofectamine® 2000 Transfection Reagent (Invitrogen), according to Iwamoto et al. 131 

[42]. Transfected cells were sub-cultured in 25-cm
2
 flasks and selected with zeocine132 

(1250 μg/ml, Invitrogen) to obtain the Dl_ISG15_E11 cell line. 133 

134 

2.3. Characterization of the Dl_ISG15_E11 cell line 135 

136 

Analyses of cellular growth kinetics, ISG15 immuno-detection, and isg15 gene 137 

transcription have been performed. 138 

For the cellular growth analysis, multiplication of Dl_ISG15_E-11 and E-11 cells has 139 

been comparatively evaluated. Both cell lines were seeded (1.4x10
5
 cells/ml) on 24-well140 

plates, and maintained in growth medium at 25 
o
C. Cells from three wells were141 

collected at 2, 3, 4, 5, 7 and 8 days to be counted, in triplicate, using the Z1 coulter 142 

(Beckman Coulter). This assay was performed in duplicate. 143 
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The Dl_ISG15 protein has been detected by western blotting. Supernatants and cells 144 

from both cell lines, grown in 75-cm
2
 flasks, were separately collected and processed to145 

detect extracellular and intracellular recombinant Dl_ISG15 protein. 146 

Extracellular Dl_ISG15 was purified and concentrated with an immuno-precipitation 147 

kit (Roche), using A/G agarose beads, and the HisG Epitope Tag Monoclonal Antibody 148 

(Invitrogen, Thermo), according to commercial guidelines. 149 

For intracellular Dl_ISG15 detection, cells were washed with PBS, sonicated at 4 
o
C150 

for 10 min, and centrifuged at 1500 xg at 4 
o
C for 5 min. Proteins in the resulting151 

supernatant were concentrated using the centrifugal filter Amicon® Ultra-15 (Merck), 152 

with a molecular weight cut-off of 3000, at 5000 xg for 30 min. The resulting sample 153 

was analysed by western blot. 154 

For western blotting, proteins separated by 12.5% SDS-PAGE electrophoresis were 155 

transferred to an Immobilon membrane (Millipore) [43]. The HisG Epitope Tag 156 

Monoclonal Antibody (1/1000 in 5% skimmed-powder milk-PBS-Tween20) was used 157 

to detect the 6xHis-tagged recombinant ISG15 protein. The monoclonal Anti-β-Actin 158 

Antibody (Sigma, 1/5000 in 5% skimmed-powder milk-PBS-T) was used as cellular 159 

control. The secondary antibody used was HRP-conjugated goat anti-mouse IgG 160 

(Sigma, 1/20000 in 5% skimmed-powder milk-PBS-T). The specific band was 161 

visualized using the SuperSignal™ West Pico Chemiluminescent Substrate (Thermo) 162 

and the ChemiDoc™ Imaging Systems (Bio-Rad). 163 

The effect of viral infection on sea bass isg15 transcription has been evaluated by 164 

relative RT real-time PCR in presence or in absence of RGNNV or SJNNV. Each virus 165 

was inoculated at 0.1 multiplicity of infection (MOI) on Dl_ISG15_E-11 cells grown on 166 

24-well plates. Cells from three wells were harvested at 24 h p.i., and total RNA was167 

extracted with the E.Z.N.A. total RNA Kit I. After treatment with DNase I Recombinant 168 

http://www.merckmillipore.com/ES/es/life-science-research/protein-sample-preparation/protein-concentration/amicon-ultra-centrifugal-filters/YKSb.qB.GXgAAAFBTrllvyxi,nav
http://www.merckmillipore.com/ES/es/life-science-research/protein-sample-preparation/protein-concentration/amicon-ultra-centrifugal-filters/YKSb.qB.GXgAAAFBTrllvyxi,nav
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from bovine pancreas, RNA (1 μg) was reverse-transcribed with the Transcriptor First 169 

Strand cDNA Synthesis Kit. Amplifications of isg15 were performed following the 170 

methodology described by Moreno et al. [35], using the specific primers shown in Table 171 

1, and beta-actin as endogenous reference gene. Relative values were calculated by the 172 

2
-ΔCt

 method. This assay was performed in duplicate.173 

174 

2.4. Anti-betanodavirus activity of intracellular sea bass ISG15 protein 175 

176 

Viral replication on Dl_ISG15_E11 and E-11 cells has been comparatively analysed 177 

by virus quantification and cellular survival assays. 178 

For virus quantification analyses, Dl_ISG15_E11 and E-11 cells grown on 24-well 179 

plates were inoculated with RGNNV or SJNNV at 0.1 MOI. At 0, 24, 48 and 72 h p.i., 180 

supernatants and cells from three wells were separately collected for viral titration, or 181 

viral genome quantification, respectively. This assay was performed in duplicate. 182 

Viral genome was quantified by RT absolute real-time PCR. Cellular RNA and 183 

cDNA were obtained as previously described. All the amplifications were conducted 184 

with the LightCycler 96 Thermocycler in 20-µl mixtures containing cDNA generated 185 

from 50 ng of RNA, 1x Fast Start Essential DNA Green Master Mix (Roche) and 10 186 

pmol specific primers (Table 1). Amplification conditions were 95 
o
C for 10 min, and 187 

45 cycles at 95 
o
C for 10 s, 60 

o
C for 10 s and 72 

o
C for 10 s. Melting curves were 188 

obtained at 95 
o
C for 10 s, 65 

o
C for 60 s and 97 

o
C for 1 s. Serial dilutions of the pJET 189 

vector (Thermo) containing the RGNNV RNA2 sequence, and the pCR™4-TOPO® TA 190 

vector (Invitrogen) containing the SJNNV RNA2 sequence [44] were used to generate 191 

reference standard curves. 192 
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In order to determine cellular survival rate after virus infection, Dl_ISG15_E11 and 193 

E-11 cells grown on 24-well plates were inoculated with RGNNV or SJNNV at 0.1194 

MOI. Cells from three wells were collected at 0, 48 and 72 h p.i. to be counted in 195 

triplicate (Z1 coulter, Beckman Coulter). Non-inoculated cells, negative control, were 196 

processed in the same way. 197 

198 

2.5. Immunomodulation activity of intracellular sea bass ISG15 protein 199 

200 

The possible modulation of the transcription of mx dynamin like GTPase (mx), toll-201 

like receptor 3 (tlr3) and ubiquitin ligase E3 (e3) genes in Dl_ISG15_E11 cells has also 202 

been evaluated. Monolayers of E-11 and Dl_ISG15_E11 cells seeded on 24-well plates 203 

were inoculated with RGNNV or SJNNV at 0.01 MOI. RNA and cDNA were obtained 204 

as previously described. 205 

All amplifications were conducted with the LightCycler 96 Thermocycler and the 206 

Fast Start Essential DNA Green Master Mix, using cDNA generated from 50 ng of 207 

RNA and the primers shown in Table 1. Amplifications consisted of 95 
o
C for 10 min 208 

followed by 45 cycles at 95 
o
C for 10 s, 52 

o
C for 10 s and 72 

o
C for 10 s. Melting 209 

curves were obtained at 95 
o
C for 10 s, 65 

o
C for 60 s and 97 

o
C for 1 s. Beta-actin was 210 

the endogenous reference gene used (Table 1). Relative fold change values were 211 

calculated by the Pfaffl method [45]. 212 

213 

2.6. Anti-betanodavirus activity of extracellular sea bass ISG15 protein 214 

215 

These analyses have been conducted by co-culture of E-11 and Dl_ISG15_E11 cells, 216 

as well as by E-11 incubation with ISG15-containing medium. 217 
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The co-culture protocol used [46] allows the culture of two different cell lines (donor 218 

and target cells) in droplets within the same well on a 6-well plate. The possible 219 

protection of Dl_ISG15_E11 cells over inoculated E-11 cells was measured by crystal 220 

violet staining and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 221 

(MTT) reduction quantification. 222 

Droplets (150 μl) of donor (Dl_ISG15_E11) and target (E-11) cells, containing 9x10
4

223 

cells, were separately seeded in the same well, and they were incubated in a humid 224 

chamber at 25 
o
C overnight for cell attachment. A negative control, in which two225 

droplets of E-11 cells were seeded, was also set up. After that time, droplets were 226 

removed, and a volume of 2 ml of L-15 growth medium was added. These cells were 227 

incubated at 25 
o
C for 24 h before virus inoculation (10

4
 TCID50/ml). Inoculated cells228 

were incubated at optimal virus replication temperature until fully CPE appearance. A 229 

negative control, non-inoculated cells, was also included. 230 

Once CPEs were observed, cells in two wells were fixed and stained with 1% crystal 231 

violet in 22% formaldehyde (Sigma) at room temperature for 10 min. After several 232 

washes with PBS at room temperature for 5 min, droplets were photographed and 233 

pictures were analysed with the ImageJ (NIH) software. 234 

Since crystal violet staining is a semi-quantitative technique, a modification of the 235 

above explained protocol, based on MTT reduction, has been developed. In this 236 

modified protocol, cells in droplets were attached on glass coverslips (Nunc™ 237 

Thermanox™ Coverslips, Thermo), which were placed into 6-well plates for virus 238 

inoculation and the subsequent incubation, as described previously. Once fully CPEs 239 

were observed, coverslips were moved to a 24-well plate for MTT reduction 240 

development [47]. Optical density (OD) was quantified at 550 nm using the Whittaker 241 

Microplate Reader 2001 (Anthos Labtec). 242 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
https://www.thermofisher.com/order/catalog/product/150067
https://www.thermofisher.com/order/catalog/product/150067
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The role of the secreted Dl_ISG15 protein in protecting E-11 cells against 243 

betanodavirus has been further investigated by culturing these cells with medium from 244 

Dl_ISG15_E11 cells. This medium was obtained from sea bass ISG15-producing and 245 

non-producing cells cultured at 25 
o
C for 72 h. All the experiments have been conducted246 

with these batches of ISG15-containing and ISG15-free media. 247 

E-11 cells grown on 96-well plates were inoculated with RGNNV (10
4
 TCID50/ml). 248 

After 1-h incubation at 25
 o

C, the viral suspension was removed and replaced by L-15 249 

maintenance medium mixed with medium from ISG15-producing cells (1/1). A control 250 

group, consisting of inoculated cells incubated with medium from non-producing E-11 251 

cells (in the same proportion), was also included. Plates were incubated until CPE 252 

appearance, and the protective effect was then visualized by MTT addition in triplicate. 253 

254 

2.7. Statistical analyses 255 

256 

Data were analysed with the GraphPad Prism 6 software (GraphPad Software, Inc. 257 

La Jolla, USA). Normality distribution was verified by the Shapiro-Wilk test, and the t-258 

student was the statistical tests used. Values of P < 0.05 were considered significant. 259 

260 

3. Results261 

262 

3.1. Characterization of the Dl_ISG15_E11 cell line 263 

264 

Growth curve analysis (Fig. 1) showed no significant differences (P > 0.05) between 265 

the growth performance of Dl_ISG15_E11 and control E-11 cells, since cell 266 

concentration was the same for both cell types at all sampling times. Maximum cellular 267 
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concentration was recorded after 7 days of incubation, with 3.9x10
5
 and 3.6x10

5
268 

cells/ml for E-11 and Dl_ISG15_E11, respectively. 269 

In addition, the recombinant Dl_ISG15 protein has been detected by western blot 270 

extracellularly and intracellularly (Fig. 2). The extracellular detection of Dl_ISG15 is 271 

depicted in Figure 2A, showing a band of the expected size after analysing medium 272 

from Dl_ISG15-producing cells immuno-precipitated with an anti-His monoclonal 273 

antibody (lane 4). However, no bands were observed by processing crude Dl_ISG15-274 

producing cell medium (lane 2). Moreover, ISG15 was not observed when control E-11 275 

medium was processed in the same way (lane 3). 276 

In order to clarify if extracellular Dl_ISG15 protein is secreted or is a consequence of 277 

cellular lysis, the presence of beta-actin in the extracellular medium was evaluated (Fig. 278 

2B). Beta-actin was detected in concentrated extracts of Dl_ISG15_E11 (lane 7) and E-279 

11 (lane 8) cells, which constitutes a positive control for the beta-actin detection. Lanes 280 

9 and 10 show absence of beta-actin in the extracellular fraction of Dl_ISG15_E11 and 281 

E-11 cells, respectively, suggesting absence of cellular proteins in the medium.282 

Intracellular Dl_ISG15 detection is represented in Figure 2C, showing the presence of 283 

this protein only within Dl_ISG15_E11 cells (lane 13). E-11 cells have been analysed as 284 

negative control (lane 12). 285 

Finally, the level of isg15 mRNA in absence and in presence of viral infection has 286 

been analysed. Figure 3 evidences no significant differences (P > 0.05) in isg15 287 

transcription due to viral infection, with mean relative values of 0.96, 0.90 and 0.63 for 288 

non-infected, RGNNV- and SJNNV-infected cells, respectively. Viral multiplication in 289 

these cells has been confirmed by RT absolute PCR (data non-shown). 290 

291 

3.2. Anti-betanodavirus activity of the intracellular Dl_ISG15 protein 292 
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293 

Viral multiplication in Dl_ISG15_E11 and E-11 cells has been determined by 294 

quantification of viral genome within the cells, and by titration of infective viral 295 

particles in the supernatant. In addition, in a parallel assay, survival rates of inoculated 296 

cells have also been determined. 297 

The results of quantitative analysis of viral genome are shown in Figure 4A. The 298 

copy number of RGNNV RNA2 was similar in both cell types at all sampling times (P 299 

> 0.05). However, the number of SJNNV RNA2 copies was lower in Dl_ISG15-300 

producing cells at 48 h (P = 0.004) and 72 h (P = 0.01) p.i., recording mean values of 301 

3.2x10
10

 and 2.4x10
9
 RNA2 copies/μg RNA at 48 h p.i. in E-11 and Dl_ISG15_E11302 

cells, respectively. 303 

The virus titration yielded similar results (Fig. 4B). Thus, viral titres recorded in 304 

supernatants of RGNNV-inoculated Dl_ISG15_E11 and E-11 cells were similar (P > 305 

0.05) at all sampling times analysed, with maximum titres at 72 h p.i. (9.9x10
5

and 306 

6.4x10
5
 TCID50/ml, for E-11 and Dl_ISG15_E11 cells, respectively). However, SJNNV 307 

titre in supernatants of Dl_ISG15_E11 cells (2.2x10
3

TCID50/ml) was significantly 308 

lower than the titre obtained in E-11 supernatants (1.2x10
4
 TCID50/ml) at 48 h p.i. (P = 309 

0.01). The maximum SJNNV titre was observed at 72 h p.i., with mean values of 310 

1.9x10
5
 and 8.9x10

4
 TCID50/ml, for E-11 and Dl_ISG15_E11 cells, respectively (Fig.311 

4B). 312 

In order to complete this analysis, a survival assay of inoculated E-11 and 313 

Dl_ISG15_E11 cells has been performed (Fig. 4C). Regarding RGNNV-inoculated 314 

cells, results showed similar survival percentages for both cell lines (P > 0.05) at all 315 

sampling times, with the minimum mean value (ca. 80%) at 72 h p.i. However, the 316 

percentage of cells surviving SJNNV infection was significantly higher for cells 317 
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expressing the sea bass ISG15 protein at 48 and 72 h p.i. (P = 0.01 and P = 0.005, 318 

respectively). Thus, the survival rate of Dl_ISG15_E11 cells was 100% at 48 h p.i. and 319 

95% at 72 h p.i., whereas the survival percentage recorded for E-11 cells was 83% at 48 320 

h p.i., and 85% at 72 h p.i. 321 

322 

3.3. Modulation of endogenous immunogene transcription 323 

324 

The transcription of mx, tlr3 and e3 has been evaluated in sea bass ISG15-producing 325 

cells both in presence and in absence of viruses. 326 

In non-inoculated Dl_ISG15_E11 cells (Fig. 5A), e3, tlr3 and mx genes were down-327 

regulated (in relation to the transcription of these genes in E-11 cells), showing relative 328 

mean fold change values below 1 (0.17, 0.1 and 0.4 for e3, tlr3 and mx respectively). 329 

After RGNNV inoculation, mx transcription (Fig. 5B) was triggered only at 6 h p.i. in 330 

E-11 cells (3.19 mean fold change value). Regarding SJNNV-inoculated cells,331 

significant transcription was recorded at 3 and 6 h p.i. in E-11 cells (2.6 and 4.9 mean 332 

fold change values, respectively) and only at 6 h p.i. in Dl_ISG15_E11 cells (6.9 mean 333 

fold change value), not being observed significant differences between both cell lines (P 334 

> 0.05).335 

The transcription of tlr3 (Fig. 5C) was significantly induced in E-11 cells inoculated336 

with RGNNV at all sampling times, with the maximum transcription fold change value 337 

(12.6) at 6 h p.i. (P = 0.005), whereas this transcription was knocked out in RGNNV-338 

infected Dl_ISG15_E11 cells. However, in SJNNV-infected cells, tlr3 transcription was 339 

induced at 6 h p.i. in Dl_ISG15_E11 cells, without significant differences between both 340 

cell lines (P > 0.05). 341 
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Finally, e3 transcription is induced in Dl_ISG15_E11 cells infected with RGNNV at 342 

all sampling times (Fig. 5D), with the maximum transcription value at 24 h p.i. (4.6), 343 

being significantly higher (P = 0.001) than the induction value recorded in E-11 cells at 344 

the same sampling time (non-induced, mean fold change < 1.5). In SJNNV-infected 345 

groups, e3 transcription was also observed in Dl_ISG15_E11 cells, at 3 and 24 h p.i., 346 

although without significant differences between the cell lines analysed (P > 0.05). 347 

348 

3.4. Anti-betanodavirus activity of the extracellular Dl_ISG15 protein 349 

350 

The role of the sea bass ISG15 protein as secreted cytokine has been evaluated by 351 

co-culture of E-11 and Dl_ISG15_E11 cells, and by E-11 incubation with ISG15-352 

containing medium obtained from Dl_ISG15-producing cells. 353 

Results obtained by co-culture (Fig. 6A, 6B) showed putative protective effect of 354 

the Dl_ISG15 protein to co-cultured E-11 cells inoculated with either, RGNNV or 355 

SJNNV. Figure 6A shows the results obtained estimating the level of surviving E-11 356 

cells by crystal violet staining. Staining intensity of the target E-11 cells was maximal in 357 

non-inoculated cells. After RGNNV infection, there were no surviving cells for control 358 

inoculated cells (E-11/E-11), where ISG15-producing cells were not seeded, whereas 359 

the staining intensity was intermediate for E-11 cells sharing the medium with ISG15-360 

producing cells (Dl_ISG15_E-11/E-11). The same pattern was obtained when SJNNV-361 

inoculated cells were analysed. These results were confirmed by the MTT assay (Fig. 362 

6B). Thus, the survival rate of RGNNV-inoculated cells increased significantly, from 363 

25% to 46% (P = 0.01), when these cells shared medium with ISG15-producing cells. A 364 

similar result was obtained after SJNNV inoculation. In this experimental group, 365 

survival rate of E-11 cells co-cultured with ISG15-producing cells was 51%, whereas 366 
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this value dropped to 27% (P = 0.01) when they were co-cultured with non-producing 367 

E-11 cells.368 

In addition, RGNNV-inoculated E-11 cells were incubated with ISG15-containing369 

medium mixed with fresh medium (1/1). Cellular survival was determined by MTT 370 

reduction, showing a significant increase (P = 0.0005) of cellular survival, which was 371 

33% for control cells (incubated with ISG15-free medium) and increased up to 99% in 372 

presence of sea bass ISG15 protein (Fig. 6C). 373 

374 

4. Discussion375 

376 

Recent in vivo studies have demonstrated an important up-regulation of European sea 377 

bass isg15 transcription after RGNNV or SJNNV infection [35,36], which may suggest 378 

an important role of this protein against betanodavirus infections in this fish species. For 379 

this reason, the present study is focused on evaluating the Dl_ISG15 activity against 380 

betanodaviruses. To fulfil this aim, the Dl_ISG15_E11 cell line has been developed. 381 

Experimental systems based on the constitutive expression of exogenous ISG15 382 

proteins have been previously applied, being the transient transfection the modality 383 

most frequently used [9,12,32,38,48]. The development of a permanently transfected 384 

cell line performed in the present study provides a stable tool, which has allowed to 385 

conduct different assays under steady and homogeneous conditions. 386 

The suitability of this cell line to determine the Dl_ISG15 anti-betanodavirus activity 387 

has been evaluated by conducting studies on cellular growth kinetics and isg15 gene 388 

transcription and expression. The growth performance of Dl_ISG15-transfected and 389 

non-transfected E-11 cells is similar (Fig. 1), which indicates that the expression of the 390 

exogenous gene does not affect important cellular functions and, therefore, putative 391 
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differences in viral replication recorded in both cell types are not consequence of the 392 

exogenous Dl_ISG15 protein expression, but derived from the antiviral activity of this 393 

protein itself. In addition, isg15 transcription is stable, not being affected by the 394 

presence of viruses. 395 

The recombinant Dl_ISG15 protein has been detected by western blot after 396 

processing Dl_ISG15_E11 cellular extracts (Fig. 2C), showing the presence of a single 397 

20-25 kDa band, corresponding to the 15-kDa ISG15 protein plus the protein tags.398 

Previous studies have also reported similar molecular weights for recombinant ISG15 399 

proteins expressed in cellular systems [38,49,50]. Moreover, this protein has been 400 

located in the cytoplasm of the producing cells by immunofluorescence (data non-401 

shown). In addition, a single band with the same molecular weight has also been 402 

detected in the medium of these cells (Fig. 2A), even though this protein does not have 403 

any signal peptide sequence. This extracellular ISG15 protein seems to be secreted, as it 404 

is suggested by the absence of beta-actin in the extracellular fraction, even after its 405 

concentration by immuno-precipitation (Fig. 2B), which may rule out cell disruption as 406 

possible cause for ISG15 presence in the medium, as previously suggested by Wang et 407 

al. [51]. ISG15 has previously been detected as protein secreted by immune cells, such 408 

as IFN I-treated human leukocytes and monocytes [14,16], although the mechanism 409 

underlying ISG15 secretion is unknown [4]. In fish, ISG15 has been detected 410 

extracellularly in cultures of red drum (Sciaenops ocellatus) and tongue sole 411 

(Cynoglossus semilaevis) IFN I-activated head kidney lymphocytes [49,51]. 412 

Furthermore, other cell types, such as epithelial-derived cell lines, fibroblasts and 413 

neutrophils, have also been described as ISG15-releasing cells in vertebrates [15]. In 414 

fact, Langevin et al. [38] reported extracellular zebrafish ISG15 in transfected 415 

epithelioma papulosum cyprini (EPC) cell cultures. All these previous investigations 416 
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support our results, in which a fibroblastic cell line (E-11 cells, derived from whole fry 417 

snakehead fish, Channa striata) secretes Dl_ISG15. Taken together, these results show 418 

that Dl_ISG15_E11 cell line is an adequate tool to determine the antiviral activity of the 419 

intracellular and extracellular Dl_ISG15 protein. 420 

The intracellular activity of Dl_ISG15 has been evaluated by comparison of viral 421 

replication in ISG15-producing and non-producing cells (Fig. 4). The number of 422 

RGNNV RNA2 copies was similar in both cellular types at all times analysed, 423 

indicating that Dl_ISG15 does not affect viral genome synthesis. Although some ISG15 424 

proteins have been reported to act at a post-transcriptional level, by blocking virion 425 

assembly or viral budding [9,50], this possibility has been ruled out in the present study, 426 

since no significant reduction in viral titre due to the Dl_ISG15 protein expression has 427 

been observed (Fig. 4B). Furthermore, these results were confirmed by analysing 428 

survival rates, which demonstrated that Dl_ISG15-producing cells were not protected 429 

against RGNNV infection (Fig. 4C). All these results confirmed the lack of intracellular 430 

anti-RGNNV activity of the Dl_ISG15 protein.  431 

On the contrary, sea bass ISG15 compromises SJNNV replication, since a reduction 432 

of the SJNNV genome synthesis was recorded (Fig. 4A). This result has been confirmed 433 

by viral titration and surviving assays (Fig. 4B, 4C), concluding that intracellular sea 434 

bass ISG15 exerts an antiviral role against SJNNV infection.  435 

This differential antiviral activity of Dl_ISG15 against both viral species suggests 436 

that this protein may play different roles in the course of RGNNV and SJNNV 437 

infections. The lack of ISG15 activity against some fish viruses (both DNA and RNA 438 

viruses) has been previously evidenced. In addition, Langevin et al. [38] failed in the 439 

detection of zebrafish ISG15 activity against spring viremia of carp virus (SVCV), a 440 
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rhabdovirus, although this ISG15 protein inhibits the replication of a wide range of fish 441 

viruses (both RNA and DNA), even other member of the Rhabdoviridae family. 442 

Previous studies conducted with similar in vitro systems, although using transiently 443 

transfected cells, have shown that exogenous ISG15 proteins may regulate the 444 

transcription of endogenous genes, which may be involved in cellular processes, such as 445 

osteoclastogenesis [52], or antiviral activity [38]. For this reason, this study has 446 

addressed the transcriptional analyses of several genes in Dl_ISG15_E11 cells, such as 447 

mx, tlr3, and e3. These analyses showed that the over-expression of the exogenous 448 

ISG15 protein did not trigger the transcription of the endogenous IFN I system 449 

(estimated by mx transcription), unlike it has been reported for zebrafish ISG15 450 

expressed in transiently-transfected EPC cells [38]; however, it would be interesting to 451 

extend the analysis to other IFN I system-related genes. 452 

After SJNNV inoculation, the transcription of these genes was similar (P > 0.05) in 453 

Dl_ISG15_E11 and E-11 cells at all times analysed. On the contrary, tlr3 and e3 454 

transcription was significantly different (P < 0.05) in both types of cells inoculated with 455 

RGNNV (Fig. 5). Thus, a clear knock out of tlr3 transcription has been detected in 456 

ISG15-producing cells. This gene encodes for a receptor responsible for the IFN I 457 

system activation, and its low transcription may suggest that the presence of sea bass 458 

ISG15 could be preventing the IFN I system activation and, therefore, could be 459 

protecting the virus from the innate immune system, which could partially account for 460 

the lack of intracellular anti-RGNNV activity recorded in this study. Although ISG15 461 

has generally been considered as an antiviral effector, some studies have described that 462 

this protein can favour viral infections. Thus, human ISG15 has been shown to have a 463 

pro-viral role in the course of hepatitis C virus infection [53,54], and Chen et al. [55] 464 

demonstrated that protein ISGylation promotes hepatitis C production. In fact, 465 
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experiments conducted with fibroblastic cells have suggested that human ISG15 may be 466 

a negative regulator of the IFN system [56], as it may be happening in E-11 cells over-467 

expressing the sea bass ISG15 protein infected with RGNNV. 468 

The transcription of the endogenous e3 gene was also altered by the presence of the 469 

sea bass ISG15 protein in RGNNV-infected cells, with Dl_ISG15_E11 cells showing a 470 

significantly higher level of e3 transcripts than E-11 cells at 24 h p.i. (Fig. 5D). E3 are 471 

ligases that may be involved in ubiquitination and ISGylation. In higher vertebrates, a 472 

variable number of E3 ligases have been recorded in different host-species, showing 473 

different protein specificity, and therefore, regulating different pathways, as it has been 474 

reported for human cells [56]. The lack of this information regarding our experimental 475 

system (E-11 cells) makes difficult to deduce the functional implications of the up-476 

regulation of this gene transcription; however, it corroborates sea bass ISG15 477 

immunomodulation in RGNNV-infected cells acting at different levels, and suggests the 478 

presence of a high number of cellular proteins functionally altered in Dl_ISG15_E11 479 

cells infected with RGNNV. Therefore, Dl_ISG15 immunomodulation is different in 480 

RGNNV- and SJNNV-infected cells, which shows that both viral species interact in a 481 

different way with the host immune system. This result may be consequence of different 482 

RGNNV and SJNNV adaptation to host. In fact, a recent study has recorded differences 483 

in the transcription of several immunogenes after the infection with IPNV isolates 484 

belonging to different genogroups, which has also been reported in the present study, 485 

suggesting that genetic similarity in fish viruses does not necessarily mean functional 486 

similarity [57]. 487 

In this study, sea bass ISG15 has been detected extracellularly, and its antiviral 488 

properties as signal molecule have been evaluated. To our knowledge, there is only one 489 

previous study reporting ISG15 in medium of a fish cell line. Thus, Langevin et al. [38] 490 
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detected zebrafish ISG15 in the medium of transiently transfected EPC cells over-491 

expressing this protein. However, no antiviral activity of this secreted ISG15 was 492 

recorded, which was suggested to be due to a concentration problem. In this regard, it is 493 

important to highlight the advantage of using a permanently transfected cell line, which 494 

assures that all cells are expressing the exogenous protein and, therefore, the 495 

concentration of this protein in the medium is increased. 496 

The co-culture assays have evidenced that ISG15-producing cells exert protection 497 

over E-11 cells infected with either RGNNV or SJNNV, which is unlikely to be due to 498 

the activation of the IFN I system in donor cells, since mx transcription has only been 499 

detected in SJNNV-inoculated cells, and without significant differences between E-11 500 

and Dl_ISG15_E11 cells. This hypothesis has been confirmed by incubating RGNNV-501 

inoculated E-11 cells with medium from Dl_ISG15_E11 cells, which resulted in a 502 

significant increase of surviving cells, from 33% to 99% (Fig. 6C). This medium was 503 

collected from non-inoculated transfected cells, which have been demonstrated not to 504 

have induced any of the genes tested, including mx, and, therefore, their medium would 505 

not contain cytokines derived from the IFN I system. However, to confirm this 506 

hypothesis, it would be necessary to extend the transcription study to cover a wider 507 

range of cytokine-coding genes. 508 

In conclusion, in this study an in vitro experimental system (Dl_ISG15_E11), which 509 

has been demonstrated to be a valuable tool to characterize the anti-betanodavirus 510 

properties of the sea bass ISG15 protein, has been developed. The antiviral action of the 511 

intracellular sea bass ISG15 protein against SJNNV has been stablished by 512 

demonstrating reduction of viral genome and infective viral particles, as well as by 513 

showing increased cellular surviving. In addition, the transcription of several 514 

endogenous genes has been analysed, revealing modulation of tlr3 and e3 transcription 515 
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in Dl_ISG15-producing cells in the course of RGNNV infection. Finally, the Dl_ISG15-516 

containing medium conferred protection against RGNNV and SJNNV infections. These 517 

results suggest and promote the use of the intracellular and extracellular sea bass ISG15 518 

protein in future investigations as an antiviral, immuno-modulator and protective agent 519 

against betanodaviruses. 520 
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Figure Legends 740 

741 

Fig. 1. Growth curves of Dl_ISG15_E11 and E-11 cells. The t-student test was used to 742 

compare cell concentration within each sampling time. Values of P < 0.05 were 743 

considered significant. Results are mean ± standard deviation (SD) (n = 3). 744 

745 

Fig. 2. Detection of the recombinant Dl_ISG15 protein by western blot. Lanes 1, 6 and 746 

11: precision plus protein standard marker (Bio-Rad). (A) Extracellular Dl_ISG15. Lane 747 

2: non-concentrated Dl_ISG15_E11 medium. Lane 3: immuno-precipitated E-11 748 

medium. Lane 4: immuno-precipitated Dl_ISG15_E11 medium. Lane 5: positive 749 

control. (B) Intracellular and extracellular beta-actin. Lane 7: Dl_ISG15_E11 cell 750 

extracts. Lane 8: E-11 cell extracts. Lane 9: immuno-precipitated Dl_ISG15_E11 751 

medium. Lane 10: immuno-precipitated E-11 medium. (C) Intracellular Dl_ISG15. 752 

Lane 12: E-11 cell extracts. Lane 13: Dl_ISG15_E11 cell extracts. 753 

754 

Fig. 3. Sea bass isg15 mRNA quantification in non-inoculated, RGNNV- and SJNNV-755 

inoculated Dl_ISG15_E11 cells analysed at 24 h p.i. Data were statistically analysed 756 

with the t-student test. Values of P < 0.05 were considered significant. Results are mean 757 

± SD (n = 3). 758 

759 

Fig. 4. Intracellular Dl_ISG15 antiviral activity. (A) Viral RNA2 copies in E-11 and 760 

Dl_ISG15_E11 cells inoculated with RGNNV or SJNNV. (B) Infective viral particles in 761 

supernatants of E-11 and Dl_ISG15_E11 cells inoculated with RGNNV or SJNNV. (C) 762 

Survival percentage of E-11 and Dl_ISG15_E11 cells inoculated with RGNNV or 763 

SJNNV. Data were statistically analysed with the t-student test. Asterisks indicate 764 
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significant differences between cell types within each sampling time: *P = 0.01; **P = 765 

0.005; ***P = 0.004. Results are mean ± SD (n = 3). 766 

767 

Fig. 5. Transcription analyses of endogenous genes. (A) e3, tlr3 and mx transcription in 768 

non-inoculated Dl_ISG15_E11 cells. (B, C, D) mx, tlr3 and e3 transcription in 769 

RGNNV- and SJNNV-inoculated Dl_ISG15_E11 cells. The cut-off value considered 770 

for induction was 1.5. Data were statistically analysed with the t-student test. Asterisks 771 

indicate significant differences between cell types within each sampling time: *P = 772 

0.01; **P = 0.005; ***P = 0.001. Results are mean ± SD (n = 3). 773 

774 

Fig. 6 Extracellular Dl_ISG15 antiviral activity. (A) Co-culture in droplets: cellular 775 

survival after RGNNV or SJNNV inoculation visualized by crystal violet staining. (B) 776 

Co-culture in droplets: cellular survival after RGNNV or SJNNV infection developed 777 

by MTT reduction. (C) Incubation with ISG15-containing medium: survival percentage 778 

of RGNNV-inoculated E-11 cells incubated with Dl_ISG15-containing medium (white) 779 

or Dl_ISG15-free medium (black). The t-student test was the statistical analysis 780 

performed. Asterisks indicate significant differences: *P = 0.01; **P = 0.0005. Results 781 

are mean ± SD (n = 3). 782 



Table 1. 1 

Primers used in this study. 2 

3 

Target gene Sequence (5’-3’) Amplicon size 

(bp) 

Reference 

RGNNV RNA2 ACCGTCCGCTGTCTATTGACTA 126 [35] 

CAGATGCCCCAGCGAAACC

SJNNV RNA2 GACACCACCGCTCCAATTACTAC 75 [44] 

ACGAAATCCAGTGTAACCGTTGT 

Sea bass isg15 CGACTCAAAGCCTCTCTGCTACT 100 [35] 

CGTTTCTGACGAACACCTGGAT 

E-11 tlr3 TGCAACACTCCACTGACTTACTTTAA 115 This study 

AGGACAGCTGTGCTAAGTATATAA 

E-11 e3 TGCACTTGCAAGGCTGTCA 100 This study 

CTCCTAGGATACTTGCATAGAAGACAAC 

E-11 mx GGGGTCAGAAGGAGATCACA 150 [58] 

ATGATGCACCAGCTCAAGTG 

E-11 beta-actin CACTGTGCCCATCTACGAG 200 [59] 

Table1



Figure1



Figure2



Figure3



Figure4



Figure5



Figure6


