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ABSTRACT

ISG15 is an antiviral protein acting intracellularly, by conjugation to viral or cellular
proteins, or extracellularly, as cytokine. In this work, an in vitro system, consisting of E-
11 cells over-expressing European sea bass ISG15 (DI _ISG15 E11 cells), has been
developed to evaluate the European sea bass 1SG15 protein activity against RGNNV
and SINNV isolates. Regarding RGNNV, RNA2 copy number and viral titres were
similar in E-11 and DI _ISG15 E11 cells, and the cellular survival analyses
demonstrated that DI_ISG15 E11 cells were not protected against this virus. In contrast,
ISG15 compromises SINNV replication, since a reduction of the SINNV genome
synthesis has been recorded. The ISG15 anti-SINNV activity was confirmed by viral
titration and survival assays. In addition, a role of the intracellular ISG15 in modulating
the transcription of endogenous genes has being recorded, with tlr3 gene being knocked
out and e3 gene being up-regulated in RGNNV-inoculated DI_ISG15 E11 cells. Sea
bass ISG15 has also been detected extracellularly, and its activity has been evaluated by
co-culture. The survival rate of RGNNV-inoculated E-11 cells increased from 25% to
46% when they were co-cultured with 1SG15-producing cells. Similarly, the survival
rate of SINNV-inoculated E-11 cells increased from 27% to 51% in co-culture with
ISG15-producing cells. To our knowledge, this is the first description of a differential
antiviral activity of an ISG15 protein against two betanodavirus species, and the first

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

Type | interferon (IFN I) is a cytokine involved in the antiviral innate immune
system of vertebrates [1-3]. After viral infection, cells secrete IFN I, which is detected
by neighbouring cells, inducing the transcription of numerous interferon-stimulated
genes (ISGs), including the interferon-stimulated gene 15 (isg15). The isgl5-encoding
protein (ISG15) is a 15-kDa protein composed of two ubiquitin-like domains (UBL),
connected by a short linker sequence, and a conserved C-terminal RLRGG motif, which
is required for conjugation to viral or cellular proteins, in a process called ISGylation.

ISGylation occurs through a pathway similar to that of ubiquitination [4], resulting in
the modification of some characteristics of the conjugated proteins, such as location,
stability and activity [5]. In mammals, hundreds of proteins, involved in all stages of
cellular biology, have been described as ISGylation-target proteins [6-8]. Regarding
viral infections, ISG15 has been described to limit virus release by conjugating cellular
proteins involved in ligase activity and secretory pathways, such as Nedd4, TSG101 and
CHMPS5, in Ebola virus, influenza virus and HIV-1 virus infections, respectively [9-11],
or conjugating viral proteins, such as influenza NS1 and NP proteins [12,13].

ISG15 proteins have also been found extracellularly, acting as cytokine [14,15].
Thus, this protein has been detected in IFN I-treated human leukocyte and monocyte
cultures [14,16], promoting IFN-y production by immune system cells, mainly natural
killers (NK) and lymphocytes T [14,17-19].

Viral nervous necrosis is a widely spread neuropathological disease that affects
European sea bass (Dicentrarchus labrax), specially at larval and juvenile stages [20-
24]. Main signals of this disease are lesions in nervous tissues, causing alterations in

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



70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

nervous necrosis virus (NNV, Betanodavirus genus), a single-stranded, positive-sense
RNA virus, with a bipartite genome composed of RNA1 and RNA2 segments, coding
the viral polymerase and the capsid protein, respectively [25]. Based on the nucleotide
variability in the RNA2 segment, betanodaviruses have been clustered into four species
(former genotypes) [26,27]; however, only red-spotted grouper- (RGNNV) and striped
jack- (SJNNV) nervous necrosis virus have been detected in sea bass, which is
susceptible to both viral species, although causing very different mortality rates, as it
has been demonstrated by experimental infections [28,29].

In fish, isg15 is one of the earliest and most highly-expressed ISGs following viral
infections [30-34]. Recently, Moreno et al. [35] have described the structure of
European sea bass isgl15, which is similar to that described for other fish isgl5 genes,
being composed of one 510-bp long open reading frame (ORF), with an intron located
in the 5’-untranslated region (UTR). The in vivo transcription of this gene after RGNNV
and SINNV inoculation has also been evaluated, demonstrating that both viral species
are strong isg15 inductors in sea bass brain and head kidney [35,36].

In addition, studies on the antiviral activity of ISG15 proteins from several fish
species, such as grouper (Epinephelus coioides) and zebrafish (Danio rerio), have
revealed activity against several fish viruses, such as grouper nervous necrosis virus
(GGNV) [37], infectious hematopoietic necrosis virus (IHNV), viral haemorrhagic
septicaemia virus (VHSV), infectious pancreatic necrosis virus (IPNV), and epizootic
haematopoietic necrosis virus (EHNV) [38].

The aim of the present study has been to study the role of the European sea bass
ISG15 protein against betanodavirus infections. As a first step, the isg15 ORF has been
cloned into an expression vector in order to develop an in vitro system suitable for

evaluating the antiviral activity of this protein.
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2. Materials and methods

2.1. Viruses and viral propagation

Viral isolates SpDI_IAusc965.09 (RGNNV) [35] and SJ93Nag (SINNV) [39] were
propagated and titrated on the E-11 cell line [40].

E-11 cells were grown in Leibovitz L-15 medium (Gibco) supplemented with 10%
foetal bovine serum (FBS, Gibco), 100 unit/ml penicillin and 10 mg/ml streptomycin
(Sigma) (growth medium) at 25 °C until confluence. Once inoculated, these cells were
maintained in L-15 supplemented with 2% FBS, 100 units/ml penicillin and 10 mg/ml
streptomycin (maintenance medium) at 25 °C (RGNNV) or 20 °C (SINNV), until
cytopathic effect (CPE) development. Viral suspensions were titrated on E-11 cells

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

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

(DI_ISG15)

Sea bass isg1l5 cDNA was obtained from juvenile specimens (n = 3) (6 g, average
weight) intraperitoneally injected with polyinosinic:polycytidylic acid (poly I.C,
CalBiochem, 1 mg/fish). At 8 h post-infection (p.i.), fish were killed by anaesthetic
overdose (MS-222, Sigma), and head kidneys were frozen in liquid nitrogen until used.
Head kidneys were individually homogenized, and total RNA was extracted with the

TRI reagent solution (Sigma). After RNA treatment with DNase | Recombinant from
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bovine pancreas (Roche), cDNA was synthesized using 1 pg of RNA and the
Transcriptor First Strand cDNA Synthesis Kit (Roche).

Sea bass isgl5 was amplified using the pair of primers DIISG15 Notl-F (5’-
GATCACAAGGGCGGCCGCATGATGGATATAACC-3’) and DIISG15 Xhol-R (5°-
TATGAGCCTCGAGGGTGCTCAGCCTCCTCTCAG-3%), and the Universe High-
Fidelity Hot Start DNA polymerase (Biotools), as described by Moreno et al. [35].
Amplified products were cloned in the pGemT easy vector (Promega) and subsequently
sub-cloned in the expression vector pcDNA™4/HisMax B (Invitrogen), containing the
cytomegalovirus (CMV) promoter, a polyhistidine metal-binding tag, and the Zeocin™
resistance gene. Purified plasmids (labelled as DI_ISG15 pcDNA) were stored at -20
°C until cell transfection.

Monolayers of E-11 cells grown on 6-well plates were transfected using the
Lipofectamine® 2000 Transfection Reagent (Invitrogen), according to lwamoto et al.
[42]. Transfected cells were sub-cultured in 25-cm? flasks and selected with zeocine

(1250 pg/ml, Invitrogen) to obtain the DI_ISG15_E11 cell line.

2.3. Characterization of the DI_ISG15_E11 cell line

Analyses of cellular growth kinetics, ISG15 immuno-detection, and isgl5 gene
transcription have been performed.

For the cellular growth analysis, multiplication of DI_ISG15 E-11 and E-11 cells has
been comparatively evaluated. Both cell lines were seeded (1.4x10° cells/ml) on 24-well
plates, and maintained in growth medium at 25 °C. Cells from three wells were
collected at 2, 3, 4, 5, 7 and 8 days to be counted, in triplicate, using the Z1 coulter

(Beckman Coulter) This assay was performed in duplicate.
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The DI_ISG15 protein has been detected by western blotting. Supernatants and cells
from both cell lines, grown in 75-cm? flasks, were separately collected and processed to
detect extracellular and intracellular recombinant DI_ISG15 protein.

Extracellular DI_ISG15 was purified and concentrated with an immuno-precipitation
kit (Roche), using A/G agarose beads, and the HisG Epitope Tag Monoclonal Antibody
(Invitrogen, Thermo), according to commercial guidelines.

For intracellular DI_ISG15 detection, cells were washed with PBS, sonicated at 4 °C
for 10 min, and centrifuged at 1500 xg at 4 °C for 5 min. Proteins in the resulting
supernatant were concentrated using the centrifugal filter Amicon® Ultra-15 (Merck),
with a molecular weight cut-off of 3000, at 5000 xg for 30 min. The resulting sample
was analysed by western blot.

For western blotting, proteins separated by 12.5% SDS-PAGE electrophoresis were
transferred to an Immobilon membrane (Millipore) [43]. The HisG Epitope Tag
Monoclonal Antibody (1/1000 in 5% skimmed-powder milk-PBS-Tween20) was used
to detect the 6xHis-tagged recombinant 1ISG15 protein. The monoclonal Anti-p-Actin
Antibody (Sigma, 1/5000 in 5% skimmed-powder milk-PBS-T) was used as cellular
control. The secondary antibody used was HRP-conjugated goat anti-mouse IgG
(Sigma, 1/20000 in 5% skimmed-powder milk-PBS-T). The specific band was
visualized using the SuperSignal™ West Pico Chemiluminescent Substrate (Thermo)
and the ChemiDoc™ Imaging Systems (Bio-Rad).

The effect of viral infection on sea bass isgl5 transcription has been evaluated by
relative RT real-time PCR in presence or in absence of RGNNV or SINNV. Each virus
was inoculated at 0.1 multiplicity of infection (MOI) on DI_ISG15_E-11 cells grown on
24-well plates. Cells from three wells were harvested at 24 h p.i., and total RNA was

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


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 pg) was reverse-transcribed with the Transcriptor First
Strand cDNA Synthesis Kit. Amplifications of isgl5 were performed following the
methodology described by Moreno et al. [35], using the specific primers shown in Table
1, and beta-actin as endogenous reference gene. Relative values were calculated by the

22 method. This assay was performed in duplicate.

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

Viral replication on DI_ISG15 E11 and E-11 cells has been comparatively analysed
by virus quantification and cellular survival assays.

For virus quantification analyses, DI_ISG15 E11 and E-11 cells grown on 24-well
plates were inoculated with RGNNV or SINNV at 0.1 MOI. At 0, 24, 48 and 72 h p.i.,
supernatants and cells from three wells were separately collected for viral titration, or
viral genome quantification, respectively. This assay was performed in duplicate.

Viral genome was quantified by RT absolute real-time PCR. Cellular RNA and
cDNA were obtained as previously described. All the amplifications were conducted
with the LightCycler 96 Thermocycler in 20-pl mixtures containing cONA generated
from 50 ng of RNA, 1x Fast Start Essential DNA Green Master Mix (Roche) and 10
pmol specific primers (Table 1). Amplification conditions were 95 °C for 10 min, and
45 cycles at 95 °C for 10 s, 60 °C for 10 s and 72 °C for 10 s. Melting curves were
obtained at 95 °C for 10 s, 65 °C for 60 s and 97 °C for 1 s. Serial dilutions of the pJET
vector (Thermo) containing the RGNNV RNA?2 sequence, and the pPCR™4-TOPO® TA
vector (Invitrogen) containing the SINNV RNA2 sequence [44] were used to generate

reference standard curves.
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In order to determine cellular survival rate after virus infection, DI_ISG15 _E11 and
E-11 cells grown on 24-well plates were inoculated with RGNNV or SINNV at 0.1
MOI. Cells from three wells were collected at 0, 48 and 72 h p.i. to be counted in
triplicate (Z1 coulter, Beckman Coulter). Non-inoculated cells, negative control, were

processed in the same way.

2.5. Immunomodulation activity of intracellular sea bass ISG15 protein

The possible modulation of the transcription of mx dynamin like GTPase (mx), toll-
like receptor 3 (tIr3) and ubiquitin ligase E3 (e3) genes in DI_ISG15_E11 cells has also
been evaluated. Monolayers of E-11 and DI_ISG15 E11 cells seeded on 24-well plates
were inoculated with RGNNV or SINNV at 0.01 MOI. RNA and cDNA were obtained
as previously described.

All amplifications were conducted with the LightCycler 96 Thermocycler and the
Fast Start Essential DNA Green Master Mix, using cDNA generated from 50 ng of
RNA and the primers shown in Table 1. Amplifications consisted of 95 °C for 10 min
followed by 45 cycles at 95 °C for 10 s, 52 °C for 10 s and 72 °C for 10 s. Melting
curves were obtained at 95 °C for 10 s, 65 °C for 60 s and 97 °C for 1 s. Beta-actin was
the endogenous reference gene used (Table 1). Relative fold change values were

calculated by the Pfaffl method [45].

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

These analyses have been conducted by co-culture of E-11 and DI_I1SG15_E11 cells,

as well as by E-11 incubation with ISG15-containing medium.
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The co-culture protocol used [46] allows the culture of two different cell lines (donor
and target cells) in droplets within the same well on a 6-well plate. The possible
protection of DI_ISG15 E11 cells over inoculated E-11 cells was measured by crystal
violet staining and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction quantification.

Droplets (150 pl) of donor (DI_ISG15_E11) and target (E-11) cells, containing 9x10*
cells, were separately seeded in the same well, and they were incubated in a humid
chamber at 25 °C overnight for cell attachment. A negative control, in which two
droplets of E-11 cells were seeded, was also set up. After that time, droplets were
removed, and a volume of 2 ml of L-15 growth medium was added. These cells were
incubated at 25 °C for 24 h before virus inoculation (104 TCIDso/ml). Inoculated cells
were incubated at optimal virus replication temperature until fully CPE appearance. A
negative control, non-inoculated cells, was also included.

Once CPEs were observed, cells in two wells were fixed and stained with 1% crystal
violet in 22% formaldehyde (Sigma) at room temperature for 10 min. After several
washes with PBS at room temperature for 5 min, droplets were photographed and
pictures were analysed with the ImageJ (NIH) software.

Since crystal violet staining is a semi-quantitative technique, a modification of the
above explained protocol, based on MTT reduction, has been developed. In this
modified protocol, cells in droplets were attached on glass coverslips (Nunc™
Thermanox™ Coverslips, Thermo), which were placed into 6-well plates for virus
inoculation and the subsequent incubation, as described previously. Once fully CPEs
were observed, coverslips were moved to a 24-well plate for MTT reduction
development [47]. Optical density (OD) was quantified at 550 nm using the Whittaker

Microplate Reader 2001 (Anthos Labtec).
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The role of the secreted DI _ISG15 protein in protecting E-11 cells against
betanodavirus has been further investigated by culturing these cells with medium from
DI_ISG15 E11 cells. This medium was obtained from sea bass 1SG15-producing and
non-producing cells cultured at 25 °C for 72 h. All the experiments have been conducted
with these batches of ISG15-containing and ISG15-free media.

E-11 cells grown on 96-well plates were inoculated with RGNNV (10* TCIDso/ml).
After 1-h incubation at 25 °C, the viral suspension was removed and replaced by L-15
maintenance medium mixed with medium from ISG15-producing cells (1/1). A control
group, consisting of inoculated cells incubated with medium from non-producing E-11
cells (in the same proportion), was also included. Plates were incubated until CPE

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

2.7. Statistical analyses

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

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

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

3. Results

3.1. Characterization of the DI_I1SG15_E11 cell line

Growth curve analysis (Fig. 1) showed no significant differences (P > 0.05) between
the growth performance of DI_ISG15 E11 and control E-11 cells, since cell

concentration was the same for both cell types at all sampling times. Maximum cellular

11
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concentration was recorded after 7 days of incubation, with 3.9x10° and 3.6x10°
cells/ml for E-11 and DI_ISG15_E11, respectively.

In addition, the recombinant DI_ISG15 protein has been detected by western blot
extracellularly and intracellularly (Fig. 2). The extracellular detection of DI_ISG15 is
depicted in Figure 2A, showing a band of the expected size after analysing medium
from DI_ISG15-producing cells immuno-precipitated with an anti-His monoclonal
antibody (lane 4). However, no bands were observed by processing crude DI_ISG15-
producing cell medium (lane 2). Moreover, ISG15 was not observed when control E-11
medium was processed in the same way (lane 3).

In order to clarify if extracellular DI_ISG15 protein is secreted or is a consequence of
cellular lysis, the presence of beta-actin in the extracellular medium was evaluated (Fig.
2B). Beta-actin was detected in concentrated extracts of DI _1SG15 E11 (lane 7) and E-
11 (lane 8) cells, which constitutes a positive control for the beta-actin detection. Lanes
9 and 10 show absence of beta-actin in the extracellular fraction of DI_ISG15 E11 and
E-11 cells, respectively, suggesting absence of cellular proteins in the medium.
Intracellular DI_ISG15 detection is represented in Figure 2C, showing the presence of
this protein only within DI_ISG15_E11 cells (lane 13). E-11 cells have been analysed as
negative control (lane 12).

Finally, the level of isgl5 mRNA in absence and in presence of viral infection has
been analysed. Figure 3 evidences no significant differences (P > 0.05) in isgl5
transcription due to viral infection, with mean relative values of 0.96, 0.90 and 0.63 for
non-infected, RGNNV- and SINNV-infected cells, respectively. Viral multiplication in

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

3.2. Anti-betanodavirus activity of the intracellular DI_ISG15 protein

12
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Viral multiplication in DI_ISG15 E11 and E-11 cells has been determined by
quantification of viral genome within the cells, and by titration of infective viral
particles in the supernatant. In addition, in a parallel assay, survival rates of inoculated
cells have also been determined.

The results of quantitative analysis of viral genome are shown in Figure 4A. The
copy number of RGNNV RNA2 was similar in both cell types at all sampling times (P
> 0.05). However, the number of SINNV RNA2 copies was lower in DI_ISG15-
producing cells at 48 h (P = 0.004) and 72 h (P = 0.01) p.i., recording mean values of
3.2x10" and 2.4x10° RNA2 copies/ug RNA at 48 h p.i. in E-11 and DI_ISG15_E11
cells, respectively.

The virus titration yielded similar results (Fig. 4B). Thus, viral titres recorded in
supernatants of RGNNV-inoculated DI_ISG15 E11 and E-11 cells were similar (P >
0.05) at all sampling times analysed, with maximum titres at 72 h p.i. (9.9x10° and
6.4x10° TCIDso/ml, for E-11 and DI_ISG15_E11 cells, respectively). However, SINNV
titre in supernatants of DI_ISG15 E11 cells (2.2x10° TCIDso/ml) was significantly
lower than the titre obtained in E-11 supernatants (1.2x10* TCIDso/ml) at 48 h p.i. (P =
0.01). The maximum SIJNNV titre was observed at 72 h p.i.,, with mean values of
1.9x10° and 8.9x10* TCIDso/ml, for E-11 and DI_ISG15_E11 cells, respectively (Fig.
4B).

In order to complete this analysis, a survival assay of inoculated E-11 and
DI_ISG15 E11 cells has been performed (Fig. 4C). Regarding RGNNV-inoculated
cells, results showed similar survival percentages for both cell lines (P > 0.05) at all
sampling times, with the minimum mean value (ca. 80%) at 72 h p.i. However, the

percentage of cells surviving SINNV infection was significantly higher for cells
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expressing the sea bass ISG15 protein at 48 and 72 h p.i. (P = 0.01 and P = 0.005,
respectively). Thus, the survival rate of DI_ISG15 E11 cells was 100% at 48 h p.i. and
95% at 72 h p.i., whereas the survival percentage recorded for E-11 cells was 83% at 48

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

3.3. Modulation of endogenous immunogene transcription

The transcription of mx, tlr3 and e3 has been evaluated in sea bass ISG15-producing
cells both in presence and in absence of viruses.

In non-inoculated DI_I1SG15 E11 cells (Fig. 5A), €3, tlr3 and mx genes were down-
regulated (in relation to the transcription of these genes in E-11 cells), showing relative
mean fold change values below 1 (0.17, 0.1 and 0.4 for e3, tIr3 and mx respectively).
After RGNNV inoculation, mx transcription (Fig. 5B) was triggered only at 6 h p.i. in
E-11 cells (3.19 mean fold change value). Regarding SIJNNV-inoculated cells,
significant transcription was recorded at 3 and 6 h p.i. in E-11 cells (2.6 and 4.9 mean
fold change values, respectively) and only at 6 h p.i. in DI_ISG15_E11 cells (6.9 mean
fold change value), not being observed significant differences between both cell lines (P
> 0.05).

The transcription of tlr3 (Fig. 5C) was significantly induced in E-11 cells inoculated
with RGNNYV at all sampling times, with the maximum transcription fold change value
(12.6) at 6 h p.i. (P = 0.005), whereas this transcription was knocked out in RGNNV-
infected DI_ISG15_E11 cells. However, in SINNV-infected cells, tlr3 transcription was
induced at 6 h p.i. in DI_ISG15 E11 cells, without significant differences between both

cell lines (P > 0.05).
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Finally, e3 transcription is induced in DI_ISG15_E11 cells infected with RGNNYV at
all sampling times (Fig. 5D), with the maximum transcription value at 24 h p.i. (4.6),
being significantly higher (P = 0.001) than the induction value recorded in E-11 cells at
the same sampling time (non-induced, mean fold change < 1.5). In SINNV-infected
groups, €3 transcription was also observed in DI_ISG15 E11 cells, at 3 and 24 h p.i.,

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

3.4. Anti-betanodavirus activity of the extracellular DI_ISG15 protein

The role of the sea bass ISG15 protein as secreted cytokine has been evaluated by
co-culture of E-11 and DI _ISG15 E11 cells, and by E-11 incubation with 1ISG15-
containing medium obtained from DI_ISG15-producing cells.

Results obtained by co-culture (Fig. 6A, 6B) showed putative protective effect of
the DI_ISG15 protein to co-cultured E-11 cells inoculated with either, RGNNV or
SINNV. Figure 6A shows the results obtained estimating the level of surviving E-11
cells by crystal violet staining. Staining intensity of the target E-11 cells was maximal in
non-inoculated cells. After RGNNV infection, there were no surviving cells for control
inoculated cells (E-11/E-11), where 1SG15-producing cells were not seeded, whereas
the staining intensity was intermediate for E-11 cells sharing the medium with 1SG15-
producing cells (DI_ISG15 E-11/E-11). The same pattern was obtained when SINNV-
inoculated cells were analysed. These results were confirmed by the MTT assay (Fig.
6B). Thus, the survival rate of RGNNV-inoculated cells increased significantly, from
25% to 46% (P = 0.01), when these cells shared medium with ISG15-producing cells. A
similar result was obtained after SJINNV inoculation. In this experimental group,

survival rate of E-11 cells co-cultured with 1ISG15-producing cells was 51%, whereas
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this value dropped to 27% (P = 0.01) when they were co-cultured with non-producing
E-11 cells.

In addition, RGNNV-inoculated E-11 cells were incubated with 1SG15-containing
medium mixed with fresh medium (1/1). Cellular survival was determined by MTT
reduction, showing a significant increase (P = 0.0005) of cellular survival, which was
33% for control cells (incubated with 1SG15-free medium) and increased up to 99% in

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

4. Discussion

Recent in vivo studies have demonstrated an important up-regulation of European sea
bass isgl5 transcription after RGNNV or SINNV infection [35,36], which may suggest
an important role of this protein against betanodavirus infections in this fish species. For
this reason, the present study is focused on evaluating the DI_ISG15 activity against
betanodaviruses. To fulfil this aim, the DI_ISG15_E11 cell line has been developed.

Experimental systems based on the constitutive expression of exogenous ISG15
proteins have been previously applied, being the transient transfection the modality
most frequently used [9,12,32,38,48]. The development of a permanently transfected
cell line performed in the present study provides a stable tool, which has allowed to
conduct different assays under steady and homogeneous conditions.

The suitability of this cell line to determine the DI_ISG15 anti-betanodavirus activity
has been evaluated by conducting studies on cellular growth kinetics and isgl5 gene
transcription and expression. The growth performance of DI_ISG15-transfected and
non-transfected E-11 cells is similar (Fig. 1), which indicates that the expression of the

exogenous gene does not affect important cellular functions and, therefore, putative
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differences in viral replication recorded in both cell types are not consequence of the
exogenous DI _ISG15 protein expression, but derived from the antiviral activity of this
protein itself. In addition, isgl5 transcription is stable, not being affected by the
presence of viruses.

The recombinant DI _ISG15 protein has been detected by western blot after
processing DI_ISG15 E11 cellular extracts (Fig. 2C), showing the presence of a single
20-25 kDa band, corresponding to the 15-kDa ISG15 protein plus the protein tags.
Previous studies have also reported similar molecular weights for recombinant 1SG15
proteins expressed in cellular systems [38,49,50]. Moreover, this protein has been
located in the cytoplasm of the producing cells by immunofluorescence (data non-
shown). In addition, a single band with the same molecular weight has also been
detected in the medium of these cells (Fig. 2A), even though this protein does not have
any signal peptide sequence. This extracellular ISG15 protein seems to be secreted, as it
is suggested by the absence of beta-actin in the extracellular fraction, even after its
concentration by immuno-precipitation (Fig. 2B), which may rule out cell disruption as
possible cause for ISG15 presence in the medium, as previously suggested by Wang et
al. [51]. ISG15 has previously been detected as protein secreted by immune cells, such
as IFN I-treated human leukocytes and monocytes [14,16], although the mechanism
underlying ISG15 secretion is unknown [4]. In fish, ISG15 has been detected
extracellularly in cultures of red drum (Sciaenops ocellatus) and tongue sole
(Cynoglossus  semilaevis) IFN I-activated head kidney lymphocytes [49,51].
Furthermore, other cell types, such as epithelial-derived cell lines, fibroblasts and
neutrophils, have also been described as 1ISG15-releasing cells in vertebrates [15]. In
fact, Langevin et al. [38] reported extracellular zebrafish ISG15 in transfected

epithelioma papulosum cyprini (EPC) cell cultures. All these previous investigations
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support our results, in which a fibroblastic cell line (E-11 cells, derived from whole fry
snakehead fish, Channa striata) secretes DI_ISG15. Taken together, these results show
that DI_ISG15_E11 cell line is an adequate tool to determine the antiviral activity of the
intracellular and extracellular DI_ISG15 protein.

The intracellular activity of DI_ISG15 has been evaluated by comparison of viral
replication in 1SG15-producing and non-producing cells (Fig. 4). The number of
RGNNV RNA2 copies was similar in both cellular types at all times analysed,
indicating that DI_1SG15 does not affect viral genome synthesis. Although some ISG15
proteins have been reported to act at a post-transcriptional level, by blocking virion
assembly or viral budding [9,50], this possibility has been ruled out in the present study,
since no significant reduction in viral titre due to the DI_ISG15 protein expression has
been observed (Fig. 4B). Furthermore, these results were confirmed by analysing
survival rates, which demonstrated that DI _1SG15-producing cells were not protected
against RGNNYV infection (Fig. 4C). All these results confirmed the lack of intracellular
anti-RGNNYV activity of the DI_ISG15 protein.

On the contrary, sea bass ISG15 compromises SINNV replication, since a reduction
of the SINNV genome synthesis was recorded (Fig. 4A). This result has been confirmed
by viral titration and surviving assays (Fig. 4B, 4C), concluding that intracellular sea
bass ISG15 exerts an antiviral role against SINNV infection.

This differential antiviral activity of DI_ISG15 against both viral species suggests
that this protein may play different roles in the course of RGNNV and SINNV
infections. The lack of ISG15 activity against some fish viruses (both DNA and RNA
viruses) has been previously evidenced. In addition, Langevin et al. [38] failed in the

detection of zebrafish 1ISG15 activity against spring viremia of carp virus (SVCV), a
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rhabdovirus, although this ISG15 protein inhibits the replication of a wide range of fish
viruses (both RNA and DNA), even other member of the Rhabdoviridae family.

Previous studies conducted with similar in vitro systems, although using transiently
transfected cells, have shown that exogenous ISG15 proteins may regulate the
transcription of endogenous genes, which may be involved in cellular processes, such as
osteoclastogenesis [52], or antiviral activity [38]. For this reason, this study has
addressed the transcriptional analyses of several genes in DI_ISG15 E11 cells, such as
mx, tlr3, and e3. These analyses showed that the over-expression of the exogenous
ISG15 protein did not trigger the transcription of the endogenous IFN 1 system
(estimated by mx transcription), unlike it has been reported for zebrafish 1SG15
expressed in transiently-transfected EPC cells [38]; however, it would be interesting to
extend the analysis to other IFN I system-related genes.

After SINNV inoculation, the transcription of these genes was similar (P > 0.05) in
DI _ISG15 E11 and E-11 cells at all times analysed. On the contrary, tIr3 and e3
transcription was significantly different (P < 0.05) in both types of cells inoculated with
RGNNV (Fig. 5). Thus, a clear knock out of tlr3 transcription has been detected in
ISG15-producing cells. This gene encodes for a receptor responsible for the IFN |
system activation, and its low transcription may suggest that the presence of sea bass
ISG15 could be preventing the IFN | system activation and, therefore, could be
protecting the virus from the innate immune system, which could partially account for
the lack of intracellular anti-RGNNV activity recorded in this study. Although ISG15
has generally been considered as an antiviral effector, some studies have described that
this protein can favour viral infections. Thus, human ISG15 has been shown to have a
pro-viral role in the course of hepatitis C virus infection [53,54], and Chen et al. [55]

demonstrated that protein ISGylation promotes hepatitis C production. In fact,
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experiments conducted with fibroblastic cells have suggested that human ISG15 may be
a negative regulator of the IFN system [56], as it may be happening in E-11 cells over-
expressing the sea bass 1SG15 protein infected with RGNNV.

The transcription of the endogenous e3 gene was also altered by the presence of the
sea bass ISG15 protein in RGNNV-infected cells, with DI_ISG15_E11 cells showing a
significantly higher level of e3 transcripts than E-11 cells at 24 h p.i. (Fig. 5D). E3 are
ligases that may be involved in ubiquitination and ISGylation. In higher vertebrates, a
variable number of E3 ligases have been recorded in different host-species, showing
different protein specificity, and therefore, regulating different pathways, as it has been
reported for human cells [56]. The lack of this information regarding our experimental
system (E-11 cells) makes difficult to deduce the functional implications of the up-
regulation of this gene transcription; however, it corroborates sea bass 1SG15
immunomodulation in RGNNV-infected cells acting at different levels, and suggests the
presence of a high number of cellular proteins functionally altered in DI_ISG15 E11
cells infected with RGNNV. Therefore, DI _ISG15 immunomodulation is different in
RGNNV- and SINNV-infected cells, which shows that both viral species interact in a
different way with the host immune system. This result may be consequence of different
RGNNYV and SINNV adaptation to host. In fact, a recent study has recorded differences
in the transcription of several immunogenes after the infection with IPNV isolates
belonging to different genogroups, which has also been reported in the present study,
suggesting that genetic similarity in fish viruses does not necessarily mean functional
similarity [57].

In this study, sea bass ISG15 has been detected extracellularly, and its antiviral
properties as signal molecule have been evaluated. To our knowledge, there is only one

previous study reporting 1ISG15 in medium of a fish cell line. Thus, Langevin et al. [38]
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detected zebrafish ISG15 in the medium of transiently transfected EPC cells over-
expressing this protein. However, no antiviral activity of this secreted ISG15 was
recorded, which was suggested to be due to a concentration problem. In this regard, it is
important to highlight the advantage of using a permanently transfected cell line, which
assures that all cells are expressing the exogenous protein and, therefore, the
concentration of this protein in the medium is increased.

The co-culture assays have evidenced that 1SG15-producing cells exert protection
over E-11 cells infected with either RGNNV or SINNV, which is unlikely to be due to
the activation of the IFN | system in donor cells, since mx transcription has only been
detected in SINNV-inoculated cells, and without significant differences between E-11
and DI_ISG15_E11 cells. This hypothesis has been confirmed by incubating RGNNV-
inoculated E-11 cells with medium from DI _ISG15 E11 cells, which resulted in a
significant increase of surviving cells, from 33% to 99% (Fig. 6C). This medium was
collected from non-inoculated transfected cells, which have been demonstrated not to
have induced any of the genes tested, including mx, and, therefore, their medium would
not contain cytokines derived from the IFN | system. However, to confirm this
hypothesis, it would be necessary to extend the transcription study to cover a wider
range of cytokine-coding genes.

In conclusion, in this study an in vitro experimental system (DI_ISG15_E11), which
has been demonstrated to be a valuable tool to characterize the anti-betanodavirus
properties of the sea bass ISG15 protein, has been developed. The antiviral action of the
intracellular sea bass ISG15 protein against SINNV has been stablished by
demonstrating reduction of viral genome and infective viral particles, as well as by
showing increased cellular surviving. In addition, the transcription of several

endogenous genes has been analysed, revealing modulation of tlr3 and e3 transcription
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516 in DI_ISG15-producing cells in the course of RGNNV infection. Finally, the DI_ISG15-
517  containing medium conferred protection against RGNNV and SINNV infections. These
518  results suggest and promote the use of the intracellular and extracellular sea bass 1ISG15
519  protein in future investigations as an antiviral, immuno-modulator and protective agent
520 against betanodaviruses.
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Figure Legends

Fig. 1. Growth curves of DI_ISG15 E11 and E-11 cells. The t-student test was used to
compare cell concentration within each sampling time. Values of P < 0.05 were

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

Fig. 2. Detection of the recombinant DI_ISG15 protein by western blot. Lanes 1, 6 and
11: precision plus protein standard marker (Bio-Rad). (A) Extracellular DI_ISG15. Lane
2: non-concentrated DI ISG15 E11 medium. Lane 3: immuno-precipitated E-11
medium. Lane 4: immuno-precipitated DI _ISG15 E11 medium. Lane 5: positive
control. (B) Intracellular and extracellular beta-actin. Lane 7: DI _ISG15 E11 cell
extracts. Lane 8: E-11 cell extracts. Lane 9: immuno-precipitated DI _ISG15 E11
medium. Lane 10: immuno-precipitated E-11 medium. (C) Intracellular DI_ISG15.

Lane 12: E-11 cell extracts. Lane 13: DI_ISG15 E11 cell extracts.

Fig. 3. Sea bass isg15 mRNA quantification in non-inoculated, RGNNV- and SINNV-
inoculated DI_ISG15 E11 cells analysed at 24 h p.i. Data were statistically analysed
with the t-student test. Values of P < 0.05 were considered significant. Results are mean

+SD (n=3).

Fig. 4. Intracellular DI_ISG15 antiviral activity. (A) Viral RNA2 copies in E-11 and
DI_ISG15_E11 cells inoculated with RGNNV or SINNV. (B) Infective viral particles in
supernatants of E-11 and DI_ISG15_E11 cells inoculated with RGNNV or SINNV. (C)
Survival percentage of E-11 and DI_ISG15 E11 cells inoculated with RGNNV or

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

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

Fig. 5. Transcription analyses of endogenous genes. (A) e3, tIr3 and mx transcription in
non-inoculated DI _ISG15 E11 cells. (B, C, D) mx, tlr3 and e3 transcription in
RGNNV- and SINNV-inoculated DI_ISG15 E11 cells. The cut-off value considered
for induction was 1.5. Data were statistically analysed with the t-student test. Asterisks
indicate significant differences between cell types within each sampling time: *P =

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

Fig. 6 Extracellular DI_ISG15 antiviral activity. (A) Co-culture in droplets: cellular
survival after RGNNV or SINNV inoculation visualized by crystal violet staining. (B)
Co-culture in droplets: cellular survival after RGNNV or SINNV infection developed
by MTT reduction. (C) Incubation with ISG15-containing medium: survival percentage
of RGNNV-inoculated E-11 cells incubated with DI_ISG15-containing medium (white)
or DI_ISG15-free medium (black). The t-student test was the statistical analysis
performed. Asterisks indicate significant differences: *P = 0.01; **P = 0.0005. Results

are mean = SD (n = 3).
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Tablel

Table 1.

Primers used in this study.

Target gene Sequence (5°-3”) Amplicon size Reference
(bp)

RGNNV RNA2 ACCGTCCGCTGTCTATTGACTA 126 [35]
CAGATGCCCCAGCGAAACC

SINNV RNA2  GACACCACCGCTCCAATTACTAC 75 [44]
ACGAAATCCAGTGTAACCGTTGT

Sea bass isg15 CGACTCAAAGCCTCTCTGCTACT 100 [35]
CGTTTCTGACGAACACCTGGAT

E-11tIr3 TGCAACACTCCACTGACTTACTTTAA 115 This study
AGGACAGCTGTGCTAAGTATATAA

E-11e3 TGCACTTGCAAGGCTGTCA 100 This study
CTCCTAGGATACTTGCATAGAAGACAAC

E-11 mx GGGGTCAGAAGGAGATCACA 150 [58]
ATGATGCACCAGCTCAAGTG

E-11 beta-actin  CACTGTGCCCATCTACGAG 200 [59]
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