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a  b  s  t  r  a  c  t

Mx  proteins  are  main  effectors  of the  antiviral  innate  immune  defence  mediated  by type I
interferon  (IFN  I).  The  IFN  I  response  is  under  a complex  regulation;  hence,  one  of the  key
issues  in  understanding  virus-host  interaction  is the  knowledge  of  the  regulatory  mecha-
nisms governing  this response.  With  this  purpose,  in this  study  Chinook  salmon  embryo
cells  (CHSE-214)  and  rainbow  trout  gonad  cells  (RTG-2)  were  transiently  transfected  with
a vector  containing  the  luciferase  reporter  gene  under  the control  of the  Senegalese  sole
Mx promoter.  These  transfected  cells  were  infected  with  infectious  pancreatic  necrosis
virus  (IPNV),  viral  haemorrhagic  septicaemia  virus  (VHSV)  and epizootic  haematopoietic
necrosis  virus  (EHNV)  at different  doses  in  order  to  study the  luciferase  fold  induction  in
response  to viral  infections.  Transfected  CHSE-214  cells  infected  with  EHNV  showed  sig-
nificant  induction  of the  luciferase  reporter  gene,  compared  to  control  non-infected  cells,
at  different  times  post  infection  (p.i.).  The  maximum  expression  was  recorded  at  24 h  p.i.
in cells  inoculated  with  5  ×  102 TCID50/mL  (2.17  folds  compared  to control  cells).  In  these
cells,  the  infection  with  IPNV  and  VHSV  did not  result  in  the luciferase  expression  at  any
time and  doses  tested.  In transfected  RTG-2  cells,  VHSV  stimulated  luciferase  expression,
obtaining  a maximum  activity  at 48  h  p.i. in cells  infected  with  5 × 102 TCID50/mL  (2.9  folds
compared  to  control  cells),  whereas  RTG-2  cells  infected  with  IPNV  and  EHNV  did  not  show
significant luciferase  activity  at any  time  point.  The  different  induction  of the  Senegalese
sole  Mx  promoter  in CHSE-214  and  RTG-2  cells  after  infection  with  the same  viruses  indi-

cates  that  cell-specific  factors  are  significantly  involved  in the  IFN-signalling  response,  and,
probably, on  the success  of the strategies  of  these  viruses  to escape  the  IFN mechanisms.
The  use  of  these  two  different  cellular  systems  might  be  an interesting  approach  to identify
such  cellular  factors.

©  2014  Elsevier  B.V.  All  rights  reserved.
∗ Corresponding author. Tel.: +34 952136625; fax: +34 952132001.
E-mail address: bejar@uma.es (J. Béjar).
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1. Introduction
In vertebrates, type I interferon (IFN I) system triggers
specific signalling pathways that lead to the activation of
the innate immune defences against viral infections. IFN I
molecules are secreted by infected cells causing an antiviral
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state in neighbouring cells by induction of IFN-stimulated
genes (ISGs). This expression is under a complex spatial and
temporal regulation, which seems to be responsible for the
control of the IFN I antiviral response (Zou and Secombes,
2011).

Mx  proteins are one of the main ISGs, playing a main
role in the IFN I response. Mx  proteins belong to the
dynamin superfamily of high molecular weight GTPases,
which are involved in intracellular trafficking and mem-
brane remodelling. Although the mechanisms of the Mx
antiviral activity are not completely understood, it seems
clear that they rely on direct interaction between Mx  pro-
teins and viral targets that need to be defined in each case
(Haller and Kochs, 2011). Fish Mx  proteins have been inten-
sively studied, especially those from cultured species, since
to know pathogen–host interaction mechanisms might be
essential to develop strategies focused on enhancing fish
natural resistance to viral infections (Magnadottir, 2010).
Although the antiviral activity of Mx  proteins has been
largely reported in several fish species (Caipang et al., 2002,
2003; Larsen et al., 2004; Kibenge et al., 2005; Lin et al.,
2006; Wu and Chi, 2007; Chen et al., 2008; Fernandez-
Trujillo et al., 2013), the regulatory mechanisms of piscine
Mx genes are poorly understood, since only a few Mx pro-
moters have been cloned and characterized to date, such as
those from pufferfish (Yap et al., 2003), zebrafish (Altmann
et al., 2004), rainbow trout Mx1  (Collet and Secombes,
2001), Japanese flounder (Ooi et al., 2006), orange-spotted
grouper (Chen et al., 2006), channel catfish (Plant and
Thune, 2008), gilthead seabream (Gonzalez-Mariscal et al.,
2014), and Senegalese sole (Alvarez-Torres et al., 2013b).
Likewise, the study on the regulation of fish Mx gene tran-
scription has been stressed by the observation that Mx
genes can be induced by a wide range of viruses, which has
been related to early viral protection (reviewed in Langevin
et al., 2013).

Senegalese sole (Solea senegalensis, Kaup) is a marine
flatfish of growing importance in the Southern European
aquaculture (APROMAR, 2013), which can be affected by
several viruses, such as lymphocystis disease virus (LCDV,
Iridoviridae family), infectious pancreatic necrosis virus
(IPNV, Birnaviridae family), and viral nervous necrosis virus
(VNNV, Nodaviridae family) (Rodriguez et al., 1997; Alonso
et al., 2005; Cutrin et al., 2007). Furthermore, viral haemor-
rhagic septicaemia virus (VHSV, Rhabdoviridae family) has
been reported to be pathogenic to this fish species under
experimental conditions (Lopez-Vazquez et al., 2011).

The Senegalese sole Mx  protein (SsMx) displays antivi-
ral activity against IPNV and VHSV, but it does not
inhibit the replication of the European sheatfish virus
(ESV, Iridoviridae family) (Fernandez-Trujillo et al., 2008;
Alvarez-Torres et al., 2013a). As a first approach in dis-
closing the regulation of the SsMx gene expression, the
structure of the SsMx promoter has been described and its
response to poly I:C has been characterized in transfected
CHSE-214 and RTG-2 cells, showing induction in both cell
lines with some differences regarding the kinetics and mag-

nitude of the induction (Alvarez-Torres et al., 2013b).

In order to continue with the functional characteriza-
tion of the SsMx promoter, its induction in response to
different viral infections has been evaluated in this study.
d Immunopathology 161 (2014) 251–257

To fulfil this objective, CHSE-214 and RTG-2 cells were
transiently transfected with a plasmid containing the fire-
fly luciferase gene under the control of SsMx promoter,
and subsequently inoculated with IPNV, VHSV or epizootic
haematopoietic necrosis virus (EHNV, Iridoviridae family).

2. Material and methods

2.1. Cell culture and virus propagation

Chinook salmon (Oncorhynchus tshawytscha) embryo
cells (CHSE-214) and rainbow trout (Oncorhynchus mykiss)
gonad tissue cells (RTG-2) were grown in 75 cm2 flasks
(CellStar) at 22 ◦C in Leibovitz’s medium (L-15, Lonza) sup-
plemented with 10% FBS (Hyclone) and 4 mM l-glutamine
(Gibco).

The SsMx promoter activation has been tested in
response to the following fish viruses: (1) IPNV (A2
serotype, Salmo salar isolate), (2) VHSV (Ip8 isolate,
obtained from Clupea harengus, Baltic Sea) and (3) EHNV
(Perca fluviatilis isolate). Viruses were propagated on RTG-
2 cells cultured at 20 ◦C in L-15 medium supplemented with
2% FBS and 4 mM l-glutamine. Supernatants of cultures dis-
playing extensive cytopathic effects (CPEs) were harvested
and centrifuged at 4000 × g for 10 min  at 4 ◦C. These virus
suspensions were titrated (Reed and Muench, 1938) and
stored at −80 ◦C until used.

2.2. Cell transfection

Monolayers of CHSE-214 and RTG-2 cells were detached
by trypsinization, resuspended (ca. 105 cells) in 10 �L of
Neon Resuspension Buffer R (Life Technologies), and imme-
diately transfected using the Neon Transfection System
(Life Technologies) following manufacturers’ instructions.
Each electroporation was performed in a mixture com-
posed of 10 �L of cell suspension, 0.6 �L of the Gateway
TurboGFP-N vector (500 ng/�L, Evrogen), 0.5 �L of the
pGL4.22-SsMx promoter construct (1 �g/�L) (Alvarez-
Torres et al., 2013b) and 0.5 �L of sterile water. CHSE-214
cells were pulsed twice with 1300 v for 20 ms, whereas
RTG-2 cells were pulsed once with 1200 v for 40 ms. After
transfection, cells were seeded on 48-well plates (Cell-
Star) and incubated at 22 ◦C for 24 h. At this moment,
transfection efficiency was  estimated by checking Green
Fluorescent Protein (GFP) fluorescence in transfected cells
under the inverted microscope. Transfections with effi-
ciencies lower than 70–80% were discarded. CHSE-214
and RTG-2 cells transfected with the promoterless vec-
tor (pGL4.22-basic vector, Promega) were used as negative
controls.

2.3. Virus inoculation and luciferase activity
quantification

Transfected CHSE-214 and RTG-2 cells were grown for
24 h. Afterwards, they were carefully washed twice with D-

PBS (Invitrogen), inoculated with each virus at 5 × 103 and
5 × 102 TCID50/mL  (in L-15 medium supplemented with
10% FBS), and subsequently incubated at 20 ◦C. Transfected
and non-infected cells were used as negative controls.



D. Alvarez-Torres et al. / Veterinary Immunology and Immunopathology 161 (2014) 251–257 253

Fig. 1. (A) SsMx promoter fold induction in CHSE-214 cells infected with IPNV, VHSV and EHNV at 5 × 102 and 5 × 103 TCID50/mL. Fold induction was
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alculated as RLU in inoculated cells divided by RLU in non-inoculated ce
ells  (P < 0.05). (B) Cytopathic effect evaluation at 72 h p.i. in CHSE-214 c
ere  used as negative control.

uciferase activity was measured at 12, 24, 48 and 72 h
ost-inoculation (p.i.) for IPNV- and VHSV-inoculated cells,
r at 12, 16, 20, 24, 36, 48 and 72 h p.i. for EHNV inoculated
ells. Three replicates per condition in three independent
xperiments were carried out.

The luciferase and GFP activity was quantified using
he luminometer Victor3 Multilabel Readers (model 1420,
erkin Elmer). GFP expression was measured at 535 nm
fter the excitation of living cell monolayers at 485 nm
or 1 s. For the subsequent quantification of the luciferase
ctivity, the SteadyGloTM luciferase substrate (Promega)
as added (75 �L/well) and the light emission was  mea-
ured after 5-min incubation. GFP levels were used to
ormalize the results of luciferase activity regarding dif-

erences in transfection efficiency between samples. In
his way, the relative light units (RLUs) were calculated
isks indicate significant induction compared to transfected non-infected
ulated with the same viruses at 5 × 103 TCID50/mL. Non inoculated cells

as luciferase activity divided by GFP fluorescence. Data
were analysed with the Wallac 1420 workstation ver-
sion 3.0 software. Fold induction was calculated as RLU
in inoculated cells divided by RLU in non-inoculated cells.
Differences between RLUs were tested by the two-tailed
unpaired Student’s t-test. Differences of P < 0.05 were con-
sidered statistically significant.

2.4. Viral multiplication on transfected cells

To confirm the replication of IPNV, VHSV and EHNV
on transfected RTG-2 and CHSE-214 cells, the onset

of CPEs was regularly checked. When CPEs were not
detected (CHSE-214 cells infected with IPNV and VHSV),
viral replication was  confirmed by quantitative PCR
(RT-qPCR) according to the procedure described below.
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Fig. 2. Relative quantification (RT-qPCR) of viral RNA in CHSE-214 cells at
24,  48 and 72 h after infection with IPNV (VP2) or VHSV (Nucleoprotein).
Data are relative to the ELF gene transcription.

CHSE-214 cells were infected with IPNV or VHSV at
5 × 103 TCID50/mL, and total RNA was extracted at 24,
48 and 72 h p.i. using the RNeasy-mini kit (Qiagen) fol-
lowing the manufacturer’s protocol. The synthesis of
cDNA was performed with 0.5 ng of RNA and oligo d(T)16
primers using the TaqMan® ABI MultiScribe RT syn-
thesis kit according to the manufacturer’s instructions
(Applied Biosystems). Amplifications were conducted with
the Roche LightCycler 480using Taqman assays described
by Lockhart et al. (2007) and Campbell et al. (2011) for the
quantification of the viral genome encoding the VP2 pro-
tein (IPNV), or the Nucleoprotein (VHSV), respectively. PCR
profile was: 2 min  at 50 ◦C, 10 min  at 95 ◦C, and 45 cycles
of 15 s at 95 ◦C and 1 min  at 60 ◦C. Data were analysed with
the comparative Ct method, obtaining relative values (Rv)
to the salmon ELF gene transcription (Lester et al., 2012)
according to Rv = 2−�Ct.

3. Results

To investigate the response of the SsMx promoter to
viral infections, CHSE-214 and RTG-2 cells were transiently
transfected with a vector containing the luciferase reporter
gene under the control of the SsMx promoter, and sub-
sequently infected with IPNV, VHSV and EHNV at two
different doses.

In CHSE-214 cells, no induction of the SsMx promoter
was observed after infection with IPNV or VHSV at both
viral concentrations tested (Fig. 1A). In addition, CPEs were
not observed at any time (Fig. 1B). To confirm the viral repli-
cation, RT-qPCR amplifications were conducted using total
RNA extracted from infected cells. The results showed an
increase in the viral RNA encoding VP2 (IPNV) at 48 and 72 h
p.i. Similarly, the RNA encoding the Nucleoprotein (VHSV)
increased at 24, 48 and 72 h p.i. (Fig. 2), confirming the

replication of both viruses in CHSE-214 cells.

In contrast, a significant induction of the SsMx promoter
was detected in EHNV-infected CHSE-214 cells (Fig. 1A).
When these cells were inoculated with the lower viral
d Immunopathology 161 (2014) 251–257

concentration, the promoter activation was  recorded at
16, 20 and 24 h p.i., whereas in cells infected with the
higher viral dose the induction was  at 12 and 24 h p.i.
(Fig. 1A). In both cases, maximum luciferase activity was
at 24 h p.i. (2.17 and 1.94 fold induction for low and high
viral doses, respectively), decreasing afterwards. CPEs were
clearly observed, with cells showing advanced CPEs at 36 h
p.i. (Fig. 1B).

In RTG-2 cells, the induction of the SsMx promoter was
only detected after VHSV infection (Fig. 3A). This induc-
tion was significant from 24 h, with a maximum at 72 h p.i.
in cells infected with 5 × 102 TCID50/mL  (2.25 fold induc-
tion). CPEs were observed at that time in these cells (data
not shown). In cells inoculated with a higher viral concen-
tration (5 × 103 TCID50/mL), the promoter activation was
recorded as early as 12 h p.i., with the maximum induction
at 48 h p.i., decreasing at 72 h p.i. (Fig. 3A), coinciding with
the CPE emergence (Fig. 3B). In contrast, the infection with
IPNV or EHNV did not result in the induction of the SsMx
promoter in RTG-2 cells (Fig. 3A). Cells infected with these
two viruses showed advanced CPEs at 72 h p.i. (Fig. 3B), thus
confirming the replication of IPNV and EHNV in RTG-2 cells.

CHSE-214 and RTG-2 cells transfected with the
promoter-less vector and infected with the viruses did
not show induction of luciferase expression (data not
shown).

4. Discussion

Due to the absence of a stable cell line derived from
Senegalese sole, the characterization of the SsMx promoter
was  conducted in the salmonid cell lines CHSE-214 and
RTG-2. In this way, the activation of the SsMx promoter by
poly I:C in transfected RTG-2 and CHSE-214 cells has been
previously demonstrated (Alvarez-Torres et al., 2013b),
confirming that these two  cell lines are appropriate experi-
mental systems to functionally characterize this promoter.
In addition, both cell lines derive from different species
and tissues, being susceptible to the infection by several
fish viruses. For these reasons, they are adequate tools to
study the stimulation of the IFN I signalling pathways by
viruses, providing two complementary models that may
yield a broad understanding of the IFN response in fish. The
aim of this study has been to analyse the SsMx promoter
response to different viruses. Interestingly, the SsMx pro-
moter was induced only after EHNV infection in CHSE-214
cells, and after VHSV infection in RTG-2 cells. As the three
viruses tested (IPNV, VHSV, EHNV) can replicate in both
cell lines (Isshiki et al., 2001; Song et al., 2005; Ariel et al.,
2009; and the present study), the differential response of
the SsMx promoter to the infection by the same viruses
in CHSE-214 and RTG-2 cells clearly suggests the major
influence of cell-specific factors in the IFN I response.

The EHNV infection induced the SsMx promoter expres-
sion only in CHSE-214 cells. The magnitude and kinetics
of this induction was similar regardless of the viral dose
tested (Fig. 1A); however, the response was  earlier (at

16 or 12 h p.i. with low and high viral inoculum, respec-
tively) than that obtained after poly I:C treatment (at 48 h
post-induction) (Alvarez-Torres et al., 2013b). In addition,
the maximum induction of the SsMx promoter after poly
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Fig. 3. (A) SsMx promoter fold induction in RTG-2 cells infected with IPNV, VHSV and EHNV at 5 × 102 and 5 × 103 TCID50/mL. Fold induction was  calculated
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:C treatment (5.96 fold induction) (Alvarez-Torres et al.,
013b) was higher than that obtained in this study after
HNV infection (2.17 fold induction). The stimulation of the
FN system in CHSE-214 cells requires poly I:C transfection
Jensen et al., 2002), which may  account for the stronger
FN response in comparison with that reported after viral
nfection, although this response is delayed. Actually, in
ecombinant CHSE-214 cells expressing luciferase under
he control of the rainbow trout Mx1  gene promoter, the
nduction began 16 h after treatment with rainbow trout
FN �/� (Jørgensen et al., 2007), showing similar kinetics to
hat recorded in the present study for the SsMx promoter

fter EHNV infection.

EHNV has been selected in this study as a model of
sh DNA viruses, since LCDV, the iridovirus pathogenic to
enegalese sole, does not replicate on CHSE-214 or RTG-2
significant induction compared to transfected non-infected cells (P < 0.05).
 viruses at 5 × 103 TCID50/mL. Non inoculated cells were used as negative

cells. In addition, EHNV has been described as the first
iridovirus causing epizootic mortality in finfish
(Whittington et al., 2010). In concordance with our
results in CHSE-214 cells, several fish iridoviruses, such
as the orange-spotted grouper virus (TGIV), LCDV, turbot
reddish body iridovirus (TRBIV), or ESV, have been shown
to induce Mx  protein expression (Wu and Chi, 2007; Wu
et al., 2010; Hu et al., 2011; Alvarez-Torres et al., 2013a).
However, Mx  proteins did not protect the cells against
the infection by these iridoviruses (Caipang et al., 2002;
Wu and Chi, 2007; Lester et al., 2012; Alvarez-Torres
et al., 2013a), except for gilthead seabream Mx1  and Mx2

proteins, which confer partial protection to CHSE-214 cells
against ESV and LCDV (Fernandez-Trujillo et al., 2013).
Regarding iridovirus strategies to evade the host immune
response, it has been reported that they have evolved
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effective immunosuppressive mechanisms by capturing
and exploiting host genes, or by presenting inhibitors
of specific antiviral genes (reviewed in Williams et al.,
2005). This kind of mechanisms has been reported for the
ranavirus RCV-Z (rana catesbiana virus Z) (Rothenburg
et al., 2011), or the iridovirus SGIV (Singapore grouper
iridovirus) (Huang et al., 2008), and has been proposed
for LCDV (Pontejo et al., 2013). Since EHNV does not
induce the SsMx promoter in RTG-2 cells, it is tempting
to suggest some kind of IFN suppression mechanism of
this virus against the RTG-2 IFN system, which needs to be
confirmed with further experiments.

The stimulation of the SsMx promoter after VHSV infec-
tion was recorded only in RTG-2 cells inoculated with
both viral doses tested, although the response was slightly
higher (2.89–2.25 fold) and earlier (12–24 h p.i.) in cells
inoculated with the higher viral inoculum. In a previous
report (Alvarez-Torres et al., 2013b) luciferase activity in
RTG-2 cells after poly I:C stimulation was similar (2.28
fold), although it started earlier, at 6 h after the poly I:C
treatment. Therefore, poly I:C induction seems to be faster
than VHSV induction in this cell line.

The lack of activation of the SsMx promoter in VHSV-
inoculated CHSE-214 cells is in concordance with the
absence of induction of the endogenous CHSE-214 Mx  after
VHSV infection reported by Alvarez-Torres et al. (2013a),
which suggests a putative antagonistic effect. Actually,
Collet et al. (2004) suggested a suppression mechanism to
explain the limited response of the rainbow trout Mx1  pro-
moter to VHSV infection in comparison with the induction
triggered by poly I:C in the stable line RTG-P1. Furthermore,
it has been recently reported that the VHSV NV protein
interferes with the IFN signalling pathway, resulting in
a poor induction of the Japanese flounder Mx  promoter
in vitro and in vivo (Kim and Kim, 2012). Thus, our results
support the existence of VHSV antagonistic activity against
the Chinook salmon IFN response, adding cell specific fac-
tors as important players in VHSV-host interaction.

Finally, the well-established antagonistic effect of IPNV
is probably responsible for the absence of the SsMx pro-
moter induction in CHSE-214 and RTG-2 cells. These results
reveal the IPNV strategy, which is to inhibit the production
of Mx  protein by alteration of its gene induction (Collet
et al., 2007; Jørgensen et al., 2007; Skjesol et al., 2009),
since IPNV replication is affected by the accumulation of
Mx protein (Lester et al., 2012). Interestingly, both cell lines
respond similarly to IPNV infection, even though several
studies suggest that IFN production and/or IFN signalling
following infection with IPNV may  depend on the cell type
infected or may  be a complex cell-virus interaction (Collet
et al., 2007; Skjesol et al., 2009). In fact, our results are in
concordance with those reports showing that IPNV does
not induce endogenous Mx  gene transcription in CHSE-214
and RTG-2 cells (Collet et al., 2007; Jørgensen et al., 2007;
Fernandez-Trujillo et al., 2008, 2011; Alvarez-Torres et al.,
2013a). Likewise, the IPNV infection failed in the induc-
tion of the Mx gene transcription in TO cells, a cell line

derived from Atlantic salmon head kidney cells (Jensen and
Robertsen, 2002). Therefore, despite the role of cell-specific
factors in the IPNV antagonistic activity, this mechanism
might be conserved among salmonid species.
d Immunopathology 161 (2014) 251–257

In summary, our results demonstrate the induction of
the SsMx promoter in response to EHNV and VHSV infec-
tion, highlighting the relevance of specific cellular factors
on the IFN signalling pathway control, and, probably, on
the success of the strategies of these viruses to escape
the IFN mechanisms. For further experiments, it would
be especially interesting to identify such cell-specific fac-
tors, to characterize the molecular mechanisms behind
these viral-host interactions and to compare the effect
on the promoters activity of viral isolates with different
pathogenicity.
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