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Viral encephalopathy and retinopathy (VER), caused by nervous necrosis virus (NNV), is one of the most
threatening diseases affecting marine farmed fish, especially in early developmental stages. In addition, sub-
clinical infections are commonly detected in both farmed and wild fish. In recent years numerous efforts have
been made to achieve effective vaccines for the protection of different fish species against NNV infection.
Vaccination experiments are always conducted on pathogen-free animals, but subclinically infected individuals
may respond differently to immunization. In this study, we have observed a different response between
experimentally-induced-NNV carrier Senegalese sole and NNV-free animals when immunized with a BEI-
inactivated vaccine, whereas mock-vaccinated carrier fish behaved like the NNV-free group. Analysis of the
immune response after vaccination showed specific antibody production as well as up-regulation of the genes
coding for the proinflammatory cytokines IL-6 and IL-8, the antiviral protein HERC4 and the cytotoxic T
lymphocyte (CTL) and T helper markers CD8 and CD4 in vaccinated NNV-free and mock-vaccinated carrier
individuals. However, no significant antibody production was detected and only cd4 up-regulation was recorded
in the vaccinated carrier fish. After challenge, viral replication was similar in the vaccinated groups up to 15 days
post-challenge (dpc), although thereafter the viral load in the vaccinated carrier fish reached values similar to the
control fish, whereas in the vaccinated NNV-free sole remained 1.5-2 log lower. At 2 dpc 10% mortality was
recorded in the vaccinated carrier group that did not correlate with a higher viral titre, but with an over-
expression of inflammation-related genes. These results suggest that an acute inflammatory reaction could have
been the cause of the fish death. Excepting the values recorded in this episode, poor modulation of the immune
response was observed at the early days post-challenge. However, at 30 dpc the IgM levels in the vaccinated
carrier fish were significantly higher than those of the NNV-free sole. Longer post-vaccination studies would be
necessary to clarify if this antibody increase may be relevant for fish protection.

1. Introduction isolates into four genotypes: tiger puffer nervous necrosis virus

(TPNNV), barfin flounder nervous necrosis virus (BFNNV), striped jack

Among viral diseases that affect fish, viral encephalopathy and
retinopathy (VER) is one of the most prevalent and threatening. The
disease is caused by nervous necrosis virus (NNV) a small non-enveloped
single-stranded RNA virus, member of the genus Betanodavirus within
the family Nodaviridae. NNV genome is composed of two segments
named RNA1 and RNA2, which encode the RNA-dependent polymerase
(RdRp), and the capsid protein (CP), respectively. Sequence analysis of
the genomic segments leaded to the classification of the different NNV
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nervous necrosis virus (SJNNV), and red-spotted grouper nervous ne-
crosis virus (RGNNV) (Nishizawa et al., 1997), that have recently been
recognized as different viral species (Sahul Hameed et al., 2019).
Moreover, NNV isolates with reassortment of genome segments between
different genotypes have been reported in Southern Europe (Olveira
et al., 2009; Toffan et al., 2017; Volpe et al., 2020).

NNV has been detected worldwide and has a wide range of hosts
including marine and freshwater fish (Bandin and Souto, 2020). VER
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epizootic outbreaks have been reported in a variety of economically
important farmed species including groupers (Epinephelus sp), Asian sea
bass (Lates calcarifer) and European sea bass (Dicentrarchus labrax). In
addition, the rearing of species such as Senegalese sole (Solea senegal-
ensis) and gilthead seabream (Sparus aurata) is compromised by highly
virulent natural RGNNV/SJNNV reassortant strains (Olveira et al., 2009;
Toffan et al., 2017; Vazquez-Salgado et al., 2022; Volpe et al., 2020).
Two commercial inactivated vaccines are available for the protection
of European sea bass (Bandin and Souto, 2020) and numerous experi-
mental vaccination approaches, including DNA-, protein- and virus like
particles (VLPs)-based vaccines as well as physically and chemically
inactivated vaccines, have been reported in recent years for use in
different fish species (Chen et al., 2015; Chien et al., 2018; Cho et al.,
2017; Gonzalez-Silvera et al., 2019; Lin et al., 2016; Thwaite et al., 2020;
Valero et al., 2016, 2018). The experimental vaccination assays are al-
ways performed with pathogen-free animals. However, asymptomatic
NNV-infected individuals have been reported frequently among farmed
fish species (Gomez et al., 2011; Gomez et al., 2004; Haddad-Boubaker
et al., 2013; Olveira et al., 2013; Panzarin et al., 2012; Wang et al.,
2019). These carrier fish can be subjected to vaccination programs in
field conditions but, to the best of our knowledge, no evaluation of the
vaccine protection or possible side-effects in these fish has been con-
ducted up to date. Thus, the aim of the present study was to analyze the
performance of a previously reported binary ethylenimine (BEI)-inacti-
vated vaccine (Valero et al., 2021) in experimentally induced NNV-
carrier Senegalese sole juveniles in comparison with NNV-free ani-
mals. In addition, humoral immune response, transcription of relevant
immune- related genes after vaccination and challenge, as well as viral
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2. Material & methods
2.1. Viral propagation and vaccine preparation

NNV strain SpSs-IAusc160.03 (hereafter Ss160.03), a RGNNV/
SINNV reassortant isolated from farmed Senegalese sole during a NNV
outbreak (Olveira et al., 2009), was used for the vaccine preparation and
for the experimental infection.

Ss 160.03 was propagated in E-11 cells, clone-derived form the SSN-1
cells (Iwamoto et al., 1999), with L-15 medium (Lonza) containing 2%
foetal bovine serum (FBS, Lonza), penicillin (100 IU rnl’l) and strep-
tomycin (100 pg ml~!) at 25 °C. Viral titration was performed in trip-
licate by the endpoint dilution method and the viral titre was expressed
as TCIDsg ml™! according to the method described by Reed and Miiench
(1938).

The inactivated vaccine was prepared as previously described
(Valero et al., 2021). Briefly, Ss 160.03 strain (5 x 108 TCIDsq ml™1) was
mixed with 1 mM binary ethylenimine (BEI) for 72 h at 25 °C. The
inactivation was confirmed by the absence of cytopathic effects in E-11
cells after three 10-day blind passages.

2.2. Fish

A total of 410 Senegalese sole juveniles (average weight 2.5 + 0.1 g)
were obtained from a commercial fish farm and maintained at the fish
facilities of the Universidade de Santiago de Compostela. Fish were
placed in two opaque 200 l-tanks containing sea water (salinity 33 g171)
at 18 °C, the temperature used at the farming site, to resemble putative
field vaccination conditions (Fig. 1). Prior to the experiments 10 fish
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Fig. 1. Experimental setup to test immunogenicity and the protective efficacy of BEI-vaccine against a lethal NNV challenge in NNV-carrier and non-carrier Sen-
egalese sole specimens. Infections were performed by injecting 5 x 10® TDIDso mL ™' (carrier induction) and 1 x 10° TDIDs, mL ™! (challenge). BEI-inactivated
vaccine was administered intraperitoneally. Dpv: days post vaccination; dpc: days post-challenge. The sticks on the timelines represent sampling points and the
numbers below the time after treatments.
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were killed with tricaine methanesulfonate (MS-222; Sigma-Aldrich,
Missouri, USA) overdose to confirm the absence of viral and bacterial
pathogens. RT-PCR tests using specific primers were carried out for viral
haemorrhagic necrosis virus (VHSV), infectious pancreatic necrosis
virus (IPNV), and NNV as previously described (Olveira et al., 2013).
Besides, internal organs were inoculated in tryptone soy agar supple-
mented with 1% NaCl (TSA-1) for bacteriological analysis. The fish were
fed ad libitum with dry commercial pellets daily and all efforts were
made to minimize animal suffering. Experimental protocols were
approved by the Bioethics and Experimental Animal Welfare Commit-
tees of the University of Santiago de Compostela and Xunta de Galicia
(Permit Id. 15,010/2020/004).

2.3. Induction of the carrier state

Prior to the vaccination assay, fish were distributed in four 100 1
tanks (N = 100) and individuals from two of the tanks were infected by
intramuscularly injection (im) with 100 pl of a Ss160.03 suspension at 5
x 10% TCIDso ml ™, as this viral concentration was proven to induce
asymptomatic infection in sole in previous in vivo experiments (unpub-
lished data). Infected fish were monitored daily for disease signs and
samples from brain tested by quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) to confirm the carrier state (N = 3 per
time point) at 10 and 15 days post infection (dpi), using SnodR1 primers
as described earlier (Olveira et al., 2013).

2.4. Vaccination

For the vaccination assay four experimental groups (each located in a
separate tank) were established (Fig. 1): 1) vaccinated NNV-free fish, 2)
mock-vaccinated NNV-free fish (control group), 3) vaccinated carrier
fish, and 4) mock-vaccinated carrier fish. Sole individuals were anaes-
thetized with 75-100 mg 1™} of MS-222(Sigma-Aldrich) and intraperi-
toneally injected (ip) with 100 pl of the BEI-inactivated vaccine (10®
TCIDso ml™}) or PBS.

2.5. NNV challenge

After 30 days post vaccination (dpv) fish were acclimated for 5 days
at increasing temperatures to reach 22 °C, the optimal replication
temperature for the reassortant NNV strain (Souto et al., 2015), and at
35 dpv NNV carrier (N = 82) and non-carrier (N = 88) sole were
anaesthetized as previously described and im injected with Ss160.03
strain (10% TCIDso ml™}) (Fig. 1).

2.6. Fish sampling

Six individuals per group were sampled at each time point. Blood
samples were collected with a 30G needle at 7, 15 and 30 dpv and at 3, 7
and 30 days post-challenge (dpc) (Fig. 1). After collecting the serum was
clarified by centrifugation at 10,000 xg for 10 min at 4 °C and stored at
—20 °C until needed. Head-kidneys were extracted under sterile condi-
tions at 7 and 30 dpv and at 3, 7 and 30 dpc for immunological analysis.
Additionally, brain tissues (n = 3) were sampled at 7 and 30 dpv and at
3, 7, 15, 23 and 30 dpc for viral load quantification.

2.7. Specific antibody levels

Antibody detection was accomplished by an indirect enzyme-linked
immunosorbent assay (ELISA) as previously described (Valero et al.,
2021). All assays were repeated twice. Briefly, 96-well plates were
coated with 20 pg of total proteins from serum samples overnight at 4 °C,
washed with PBST [PBS with 0.2% of Tween-20] and blocked with 5%
skimmed milk in PBST. Afterwards, incubation with the NNV suspen-
sion, the rabbit anti-NNV (Abcam, Inc.; 1:10,000), and the anti-rabbit
IgG-HRP (Sigma Aldrich; 1:25,000) was performed at room
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temperature. The reaction was revealed with 3,3,5,5-tetrame-
thylbenzidine single solution (ThermoFisher, Vilnius, Lithuania) and the
absorbance was read at 450 nm with an iMark™ Microplate Absorbance
Reader (BioRad, Hercules, USA). ELISA results are provided as the op-
tical density (OD) at 450 nm. Positive and negative controls were
included.

2.8. Quantification of immune-related gene transcription

RNA extraction, reverse transcription and SYBR green real-time PCR
procedures are referred to a previous assay performed with the BEI-
inactivated vaccine (Valero et al., 2021). Briefly, total RNA was iso-
lated from head-kidney using Nucleospin RNA II kit (Macherey-Nagel),
reverse transcription was carried out using Superscript IV (Invitrogen™)
with Random Hexamers (ThermoFisher) and mRNA transcriptional
levels of sole immune-related genes were analyzed by RT-qPCR in an
iCycler iQ CFX96™ Real Time System (BioRad, Hercules, USA). Reac-
tion mixtures (containing 20 pl of iQ™ SYBR Green supermix with 0.2
uM of the specific primers and 2 pl of cDNA template) were incubated for
3 min at 95 °C as an activation/denaturation step, followed by 40 cycles
of 15 s at 95 °C and 30 s at 55 or 58 °C. Negative controls were always
included in the reactions. The analyzed genes were the following: cd8,
cd4, herc4, il6 and il8. In addition, to assess a putative inflammatory
response in the challenged fish, the transcription of toll-like receptor 7
(tlr7), tumor necrosis factor alfa (tnfa) and il10 genes were quantified.
The specific primers used are shown in Table 1. The relative expression
of all genes was calculated by the 2722% method (Livak and Schmittgen,
2001) using the B actin (actb) coding gene as the endogenous reference.

2.9. Viral quantification

NNV RNA1 extraction and amplification from brain samples was
accomplished as described above using SnodR1 primers (Olveira et al.,
2013). All samples were tested in triplicate. The corresponding standard
curve was generated using 20-fold dilutions (from 10' to 10 copies/pl)
of a plasmid DNA containing the full-length RNA1 of strain Ss160. Viral
load data were calculated as RNA1 copies per gram of fish tissue.

2.10. Calculations and statistics

The cumulative mortalities were used to calculate the relative sur-
vival percentage (RPS) according to the following formula:

Table 1
Primer sequence used for gene transcription analysis.

Gene Sequence 5-3' Accesion No", Reference or Unigene

IDb

cd4 F: GACCTCAGGCTGCAATGGT
R:
TGAGCAGAGTGATGGACAGACT
cd8a F: GTCGCAGTTCTGCTCTCCGC
R: TCGGTTGCAGTAGAGGACGG
herc4  F: GCCAAAACACTGGCATGGTT
R: AACGCCAAACAGGAAGTACCT

Montero et al., 2015

Lopez-Vazquez et al., 2023

Gémez-Mata et al., 2021

16 F: GTGCGTGACATCTACAACCC solea_v4.1_UNIGENE631474
R: GCCGTCTTCTCCTTTCCCTT
I8 F: AAGGTCCTTACTGCGCAAAC Lépez-Vazquez et al., 2023

R: TGCTCTTCCCTGCTGATGAA
1o F: ACTCCACAGTCTCTCCTCCT

R: GAAACCCTCCACGAAGCGA
tnfa F: TGTGTACATGGGAGCTGTGT

R: CACAGAGCGAACACACCAAA
tr7 F: GGGAGTGAGGTCAAAGTGGA

R. CGTGGAAGGAGGAGGAGTTT
actb F GACGACATGGAGAAGATC

R GGTGTTGAAGGTCTCAAA

solea_v4.1_unigene343952a
XM_044052089
XM_044052250

DQ485686

2 https://www.ncbi.nlm.nih.gov/nuccore
b https://www.scbi.uma.es/soleadb
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%mortality of vaccinated group

RPS = |1 x 100%

%mortality control group

All statistical analyses were conducted using GraphPad Prism 8 and
the data are shown as the mean =+ standard error of the mean (SEM).
Variations between different time points and groups were analyzed by a
two-way ANOVA followed by Tukey's post-hoc analysis. Survival curves
were compared using the Kaplan Meier test.

3. Results
3.1. Induction of the carrier state

NNV-infected sole did not show any sign of disease, but low viral
loads were detected in all fish analyzed at 10 and 15 dpi. At 15 dpi RNA1
copy number ranged from 1.5 x 10 to 1.0 x 10 per gram of fish tissue
(average 3.5 x 10° RNA1 copy number/g).

3.2. Vaccine performance and viral load in fish

After vaccination no mortalities were recorded, and all fish groups
showed normal behavior. In carrier fish, the viral load at 7 and 30 dpv
showed an average value of 8.1 x 102 and 3.02 x 10° for mock-
vaccinated fish, and 1.41 x 10° and 4.04 x 10® RNA1 copy number/g
fish tissue for vaccinated fish.

After challenge, clinical signs (abnormal swimming behavior and
anorexia) were observed in the control group at 5 dpc and mortality
onset was at 7 dpc, whereas in the vaccinated NNV-free individuals VER
signs and mortality were slightly delayed until 8 and 11 dpc, respec-
tively. In the vaccinated carrier fish, an unexpected mortality (8 out of
82, 9.8%) was recorded at 2 dpc, whereas in the mock-vaccinated carrier
group 2 individuals died. However, VER signs were not observed in
these animals and were not recorded in the carrier groups until 11 dpc.
Both vaccinated groups showed a better survival rate than the control
fish, but significant improvement was only observed in the vaccinated
NNV-free group (p = 0.018, Fig. 2A) which showed a relative percent of
survival (RPS) of 51.6. The RPS of the vaccinated carrier fish was 29.24,
but, if the sudden mortality observed at 2 dpc is not considered it would
increase up to 42.71, whereas that of the mock-vaccinated carrier fish
was 16.6.

The analysis of the viral load revealed that at 3 dpc the number of
RNA1 copies was similar in both vaccinated and non-vaccinated groups.
However, in the following time points a significant difference was
observed between the vaccinated NNV-free fish and the control fish.
Thus, from 7 to 23 dpc the viral load detected in the vaccinated NNV-
free sole was >2 logs lower than in the control, whereas at 30 dpc the
difference was reduced to around 1.5 log (Fig. 2B). The vaccinated
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carrier fish also showed a significantly lower viral load than the control
fish at 7 and 15 dpc, but no differences were recorded afterwards
(Fig. 2B).

3.3. Immune response in vaccinated fish

3.3.1. Humoral response

Significant IgM production was recorded only in the vaccinated
NNV-free group at 30 dpv, whereas antibody production was detected in
all vaccinated and non-vaccinated animals after viral challenge (Fig. 3).
However, significant antibody levels when compared with control fish
were only detected at 30 dpc in both vaccinated groups, the increase
being much higher in the vaccinated carrier fish (Fig. 3).

3.3.2. Immune-related genes transcription

The transcription of immune-related genes was tested at 7 and 30
dpv. A significant up-regulation of all 5 genes was only recorded at the
end of immunization assay in vaccinated NNV-free and mock-vaccinated
carrier individuals. Thus, the expression of cd8 was significantly induced
in both groups when compared not only with control fish but also with
vaccinated carrier fish (Fig. 4A). The transcriptional levels of cd4, herc4,
il6 and il8 were also modulated in a similar extent in both groups
(Fig. 4B, C, D, E). However, after challenge only significant over-
expression of cd8 and il6 was recorded at 3 dpc and in different fish
groups. Thus, cd8 up-regulation was observed in both vaccinated groups
(Fig. 4A), whereas il6 was only up-regulated in mock-vaccinated carrier
fish (Fig. 4D).

Additional analysis of immune-related genes putatively related with
an inflammatory response was performed in the vaccinated and mock-
vaccinated carrier individuals that died at 2 dpc. For comparative pur-
poses, transcriptional analyses were also performed in 3 control and 3
vaccinated NNV-free fish sacrificed in the same day and in fish from all
experimental groups sampled at 30 dpv. All four genes analyzed were
overexpressed in the dead fish belonging to the vaccinated carrier group
when compared not only with fish from the control group but also with
vaccinated NNV-free fish and with the dead mock-vaccinated in-
dividuals. As shown in Fig. 5A transcriptional levels of tr7 were
significantly higher in the 8 dead vaccinated carrier individuals with
respect to the control fish (p = 0.0036), the mock-vaccinated carriers
and the vaccinated NNV-free fish (p = 0.0102). Likewise, significant tnfa
and il10 up-regulation was observed in the vaccinated carriers when
compared with the other three groups (Fig. 5B, D). Transcription of il6
was the most highly modulated (18-fold) with respect to the control fish,
but a moderate up-regulation was also recorded in the mock-vaccinated
carrier individuals (Fig. 5C). Moreover, when the results of the dead
vaccinated carrier fish were compared with those obtained before
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Fig. 2. Protection conferred by the vaccine in NNV-carrier and non-carrier Senegalese sole specimens and viral load in the fish brains during 30 days of in vivo
infection. (A) Percent of survival and (B) viral load (n = 3 fish/group and time) in brain. Fish were vaccinated by intraperitoneal injection and infected by intra-
muscular injection with 10° TCIDs, mL~'. Survival rates were compared between groups using the Kaplan Meier and Log-rank tests (*p = 0.0012). Letters denote
statistical differences between groups at the same time point according to the two-way ANOVA test (p < 0.01).



S. Souto et al.

OD 450nm
=

Aquaculture 579 (2024) 740211

Control
Vaccinated

Contro_Carrier fish

1l

Vaccinated_Carrier fish

7 dpv 15 dpv 30 dpv 3 dpc 7 dpc 30 dpc
Time

Fig. 3. IgM levels in the serum of carrier and non-carrier fish at 7 and 30 days post-vaccination and 3, 7 and 30 days post-challenge. Data represent the mean +
standard error of the mean (SEM) (n = 6 fish/group and time). Letters denote significant differences between groups at each time point (p < 0.05), whereas asterisks
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Fig. 4. Expression of immune-related genes in the head-kidney of carrier and non-carrier Senegalese sole specimens after vaccination and challenge. (A) cd8a, (B)
cd4, (C) herc4 (D) il6 and (E) il8. Fish were vaccinated intraperitoneally using a BEI-inactivated vaccine or PBS (control groups) and sampled at 7 and 30 days post-
vaccination. After an intramuscular challenge, fish were sampled at 3, 7 and 30 dpc. Data represent the mean =+ standard error of the mean (SEM) (n = 6 fish/group
and time). Letters denote statistical differences between groups at a same time-point (p < 0.05).

challenge (30 dpv) a significant induction was observed in the 4 genes
(Fig. 5 A, B, C, D).

4. Discussion

After a VER outbreak survivors can become NNV asymptomatic
carriers and it has been demonstrated that they can transmit the virus to
their progeny and cohabitant fish (Costa and Thompson, 2016; Munday
et al., 2002). However, to date no data is available on the response of

subclinically infected animals to NNV vaccination. Therefore, the aim of
this study was to assess the vaccination performance and immune
response in experimentally induced NNV-carrier sole in comparison
with NNV-free individuals.

After vaccination no mortalities were recorded, and no apparent
differences were observed in the fish belonging to the four experimental
groups. However, the analysis of the immune response elicited by the
vaccine in carriers and NNV-free animals showed some differences.
Significant anti-NNV IgM production, as well as an overexpression of the
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Fig. 5. Expression of genes related with an inflammatory reaction in the head-kidney of carrier and non-carrier Senegalese sole specimens at 2 days post-challenge.
(A) tir7, (B) tnfa, (C) il6 and (D) il10. Samples from the carrier groups (vaccinated and mock-vaccinated) were obtained from dead animals, whereas samples from the
non-carrier groups were obtained from sacrificed individuals. Data represent the mean =+ standard error of the mean (SEM). Dead vaccinated carrier fish (n = 8); dead
mock-vaccinated carrier fish (n = 2); sacrificed non-carrier vaccinated and control individuals (n = 3, each). Letters denote statistical differences between groups at
the same time-point (p < 0.005), whilst asterisks indicate those between time-points in the same group (*p < 0.0001).

genes coding for the proinflammatory cytokines IL-6 and IL-8, the
cytotoxic T lymphocytes (CTL) and T helper markers CD8 and CD4 and
the antiviral protein HERC4, was observed in NNV-free individuals.
However, no significant antibody production and only cd4 up-regulation
were detected in the carrier fish. A transient inflammatory response has
been regarded as a key step for the vaccination-induced protective im-
munity (Tang and Nguyen, 2014). Moreover, CTLs are considered to
play a major role in fish antiviral defense (Somamoto et al., 2014) and
fish CD4 + T-helper cells are thought to coordinate the immune response
by acting either as effector cells or as memory cells as their mammalian
counterparts (Ashfaq et al., 2019). Finally, HERC4 is a ligase that reg-
ulates the Hedgehog (HH) signaling pathway (Jiang et al., 2019) which
can positively or negatively influence the immune response in a context-
dependent manner (Zhou et al., 2022). Both CTL-related genes and herc4
have been previously demonstrated to be up-regulated by NNV vacci-
nation (Cheng et al., 2017; Lopez-Vazquez et al., 2023; Valero et al.,
2021). The poor gene modulation observed in the carrier fish after
vaccination suggests that asymptomatic NNV infection may affect the
vaccine efficacy contrarily to what has been reported in children
receiving the rhesus rotavirus vaccine in which an enhanced immuno-
genicity was reported because of prior subclinical infection (Pichichero
and Losonsk, 1993). In this regard, the time between viral infection and
vaccination may be a relevant factor. An experimentally induced carrier
state has been demonstrated to last for at least two months in sole and
more than four in Altantic salmon (Salmo salar) (Souto et al., 2015;
Korsnes et al., 2005), but no information was provided about the
immunological status of those animals. By contrast, the immune
response in mock-vaccinated carrier fish was very similar to that of
vaccinated NNV-free animals which suggests that subclinical infection
may act as a protective factor against a subsequent viral infection as it

has been reported in sevenband grouper, Epinephelus septemfasciatus
(Nishizawa et al., 2012; Oh et al., 2013).

After challenge with the homologous strain a sudden mortality (10%
of the fish) was recorded at 2 dpc in the vaccinated carrier group.
Average viral load in the dead animals was 4 x 10° TCIDs/! g fish which
was very similar to that detected in this fish group before challenge and
in vaccinated NNV-free and control fish which were sacrificed for
comparative purposes. Therefore, it can be concluded that the observed
mortality was not due to the viral replication in the brain. Vaccination
should induce a highly specialized inflammatory profile which ensures
that the most appropriate effector functions are elicited (Alter and
Sekaly, 2015). However, this inflammatory response may have also
undesired effects such as an acute phase reaction (APR) (Khalil and Al-
Humadi, 2020). Vaccination induces the production of inflammatory
and proinflammatory cytokines which triggers the synthesis of acute
phase proteins (APP). APPs have a direct impact in the maintenance of
homeostasis in vertebrates, particularly in the kidney and the liver (Mills
etal., 1998), and disruption of this homeostasis can negatively affect the
animal (Cray et al., 2009). As already discussed, after vaccination, no
up-regulation of genes related with inflammatory response (il6 and il8)
was observed in the vaccinated carrier fish. However, in the fish which
died at 2 dpc a significant increase in the transcription of several genes
related with an inflammatory reaction as tir7, tnfa, il6, and il10 was
observed. Toll-like receptors are an important family of pattern recog-
nition receptors (PRRs) which can recognize viral nucleic acids and
different bacterial products as well as endogenous danger molecules
released from dying cells and damaged tissues (Tanekhy, 2016). In our
study TLR7 was chosen because it can detect single stranded RNA as the
NNV genome (Zou and Secombes, 2011). TLRs participate in the in-
flammatory response by activating macrophages to produce pro-
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inflammatory cytokines which coordinate local and systemic inflam-
matory reactions (Medzhitov, 2007). TNFa is involved in triggering the
expression of other genes associated with inflammation as il-8, il-1 and
il-7c and therefore tnfa is one of the early immune genes expressed in
infected fish (Zou and Secombes, 2016). TNFa can also show pro-
apoptotic activity and has been associated with pathogenesis of
several chronic diseases of fish (Zou and Secombes, 2016). Moreover, in
rats it has been demonstrated that the release of proinflammatory
molecules including TNFa, IL-I and IL-6 from the peripheral immune
system, produces physiopathological outcomes in brain (Lacroix and
Rivest, 1998). Although IL-10 is an anti-inflammatory cytokine that
helps to moderate the immune responses (Zou and Secombes, 2016),
anti-inflammatory cytokines are also involved in APR (Khalil and Al-
Humadi, 2020). APR has been described in some fish species as
rainbow trout (Oncorhynchus mykiss) and cod (Gadus morhua) (Gerwick
et al., 2002; Magnadottir et al., 2011). It is therefore reasonable to as-
sume that an APR may have been the cause of the early mortality
observed in vaccinated carrier fish. This hypothesis is also supported by
the fact that no modulation of il6 or il8 was recorded in the vaccinated
animals which were sampled at 3, 7 and 30 dpc. In fact, il6 up-regulation
was only recorded at 3dpc in the mock-vaccinated carrier fish. However,
we cannot rule out alternative explanations such as a transitory immu-
nodepression associated to a high stress response after the challenge as
observed in NNV experimentally infected Atlantic sea bass (Lama et al.,
2020). In this study the stress response was reported to be activated at 1
dpi and the authors suggest that the associated immunodepression could
be due to the fact that most of the available resources may be diverted to
cope with the stressor. However, according to these authors alternative
regulatory routes would allow the immune system to react and, there-
fore, an immune response is observed afterwards.

The previous subclinical infection did not seem to affect viral repli-
cation after challenge because viral load was very similar in all groups at
3 dpc. At 7 dpc the RNA1 copy number in vaccinated and mock-
vaccinated carrier fish was significatively lower than that recorded in
the control fish, indicating the subclinical infection has induced a pro-
tective effect on the fish as previously reported in grouper (Nishizawa
etal.,, 2012; Oh et al., 2013). However, this protective effect seems to be
limited because from 15 dpc onwards the viral load in the mock-
vaccinated carrier fish reached similar values to the control fish. Simi-
larly, the effect of the vaccine on viral replication in carrier fish was also
of limited duration and the viral load was not significantly different to
the control fish from 15 dpc, whereas that of the vaccinated non-carrier
remained significantly lower than the control. The increased viral load
in the vaccinated carriers at the end of the experimental infection could
be the main factor accounting for the differences in survival observed
between vaccinated carrier and NNV-free fish as, if the sudden mortality
observed at 2 dpc is not considered, most deaths in the vaccinated car-
rier group were recorded from 15 to 26 dpc. However, other factors must
be involved in the deaths recorded in this group from 3 to 15 dpc. On the
other hand, the immune response was similar in both vaccinated groups,
being poorly modulated in the early days post-challenge in agreement
with previous assays performed by our group (Lopez-Vazquez et al.,
2023). The antibody production was not significantly different to that of
the control fish and only cd8 up-regulation was recorded. However, at
30 dpc the IgM levels in the vaccinated carrier fish were 8-fold higher
than those in the NNV-free sole, and much higher than those obtained
after prime or booster immunization with the same inactivated vaccine
(Lopez-Vazquez et al., 2023; Valero et al., 2021). Unfortunately, because
the experiment was finished at 30 dpv we cannot figure out if this in-
crease in IgM could be related with a long-term protection.

In conclusion, the inactivated vaccine conferred a lower protection
in NNV-carrier individuals than in NNV-free sole, probably because a
weaker immune response was elicited in the vaccinated carrier fish and
viral replication was controlled for a shorter time. Strikingly, 10% of
vaccinated carrier fish died 2 days after challenge. The up-regulation of
genes related with an inflammatory response observed only in these
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individuals suggests that an acute inflammatory reaction could have
been involved in the mortality. These findings indicate that caution
should be taken when vaccinating fish suspected of having been previ-
ously infected or in contact with infected fish.
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