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A B S T R A C T

Viral haemorrhagic septicaemia virus (VHSV) is known to cause high mortality in olive flounder (Paralichthys
olivaceus) at 15 °C, but no mortality at 20 °C. In order to understand the immune response at 15 °C and 20 °C
against VHSV, differential expression kinetics of various innate immune-related genes in the kidney were ana-
lyzed in our previous study, and the current study is focused on immune responses in the liver. Fishes were
intraperitoneally injected with VHSV (107.8 TCID50/fish) and reared at 15 °C and 20 °C. Viral copy number in the
15 °C group peaked at 1 dpi and remained high until 2 dpi; whereas in the 20 °C group, viral copies were much
lower than in the 15 °C group. The expression kinetics results revealed significantly high levels of hepcidin
expression in the 20 °C group in comparison to the 15 °C group at all time points. Cathepsin-L gene showed early
upregulation at 12 hpi followed by a sharp decline at 1 dpi in both the groups; whereas, at 2–4 dpi, only the 20 °C
group demonstrated subsequent upregulation of cathepsin-L transcript. The genes of complement pathways, C3
and factor-D showed prolonged downregulation trend in the 15 °C group against the normal expression level in
the 20 °C group. Significant upregulation of ISG15, Mx, IL-1β and IL-8 genes were observed in the 20 °C group
during 1–2 dpi in comparison with slower and lower responses in the 15 °C group. The MHC-II, MHC-I and CD8
gene transcripts showed significant upregulation only in the 20 °C group in contrast with downregulation in the
15 °C group, whereas, CD4 expression was very high at 12 hpi to 2 dpi in both the groups. The genes related to
the apoptotic pathway, p53, HSP70, and caspase-3, also displayed consistent downregulation in the 15 °C group
during the entire experimental period in comparison with the other group. In summary, it can be observed that
most of the innate immune genes were under-expressed or have little to no response at 15 °C, whereas, the same
genes exhibited high level of expression at 20 °C. Thus, it can be inferred that temperature plays a key role in
facilitating the host liver to orchestrate a coordinative anti-VHSV immune response ultimately leading to host
survival in the 20 °C group. Oppositely, the under-expression of important genes at 15 °C especially the genes
related to the apoptotic pathway, cytotoxic T-cell pathway, and the complement system, resulted in failure of the
host immune system to combat the viral proliferation.

1. Introduction

Fish being a poikilothermic animal is significantly affected by the
temperature in which they live, and their mortality rates vary drama-
tically due to infection depending on their rearing water temperature.
Previously, various attempts have been made in controlling the water
temperature in order to combat fish pathogens and reduce fish mor-
tality (Alcorn et al., 2002; Nikoskelainen et al., 2004; Ndong et al.,
2007; Xu et al., 2011; Kaneshige et al., 2016). Viral haemorrhagic
septicaemia (VHS) is one such serious viral disease affecting a large

number of fish species worldwide when the rearing water temperature
becomes conducive for infection. The disease is caused by viral hae-
morrhagic septicaemia virus (VHSV), a (−) ssRNA virus belonging to
the genus Novirhabdovirus of rhabdoviridae family. The susceptible
water temperature for VHS infection in fishes revolves around 8–15 °C.
Likewise, in case of olive flounder (Paralichthys olivaceus) culture, the
VHS disease occurs in late winter and spring season as the temperature
drops below 15 °C, causing 50–70% mortalities in all age-groups of the
fish but no mortality is observed at higher temperature (≥20 °C) during
other seasons (Isshiki et al., 2001; Kim et al., 2009). Purposively, by
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identifying the differences in the immune response of the olive flounder
at mortal and survivor temperature conditions, it is possible to get an
insight on important immune-related defence factors against VHSV.

Innate immunity is the first line of defence against infection and is
regarded as the primeval form of host defence (Aoki et al., 2008).
Teleosts depend primarily on the innate immune system, which is faster
but less specific than adaptive immunity (Akira et al., 2006;
Magnadottir, 2006). Teleostean liver plays a major role in host defence
against pathogens in the external environment and is continually ex-
posed to various gut-derived molecules and foreign antigens. Several
studies have demonstrated the capacity of fish liver for scavenging
foreign substances, although this activity mainly involves hepatocytes
and sinusoidal epithelial cells instead of immune cells (Dalmo et al.,
1997). However, recent study elucidated the presence of the resident
population of intrahepatic immune cells (IHICs) in teleost liver other
than the hepatocytes, which plays an integral part of hepatic immune
responses (Möller et al., 2014). Unlike mammalian liver, where the
populations of non-hepatocyte immune cells like Kupffer cells, T cells, B
cells, NK cells, and NKT cells are much higher, fish liver lack Kupffer
cells, and its immune functions mostly depends on the interhepatocytic
macrophages and T- and B-lymphocytes (Hampton et al., 1989; Möller
et al., 2014). Among various hepatic immune functions, the liver has an
essential role in non-specific phagocytosis and cell killing, clearance of
pathogens, acute phase reactions and complement production (Wu
et al., 2016; Parker and Picut, 2005). Function related to antiviral T-cell
responses also comprises a critical part of the hepatic defence system
for early viral control and disease prevention (Liang et al., 2016). In
addition, the liver possesses pattern recognition receptors (PRRs) for
pathogen bindings which play an active role in the receptor-driven
pathway of innate immunity as well in the resultant interferon and
chemokines regulated downstream pathways (Castro et al., 2014). It
can be well understood from the aforementioned studies that liver plays
a crucial role in fish immune response but the available knowledge is
too fragmentary to support any conclusive statement on the exact
functional importance of the liver in disease resistance and host im-
munity.

Our previous study showed the temperature-dependent expression
pattern of various immune genes in the kidney of VHSV-infected olive
flounder and their role in host antiviral immune responses against viral
pathogenicity at higher temperature (20 °C) compared to 15 °C (Avunje
et al., 2011, 2012, 2013). To further our understanding about the host
immune response the present study tried to explore the hepatic defence
in a similar fashion given the importance of liver in eliciting antiviral
immunity in flounder. The study investigated the expression patterns of
various immune genes in liver tissue of VHSV-infected olive flounder
reared at 15 °C or 20 °C, followed by a comparative analysis of the ex-
pression profiles of the immune genes in relation with the viral mRNA
copies in a time-dependent manner. The insights gained from the pre-
sent study will help in better understanding the function of the liver as
an important immune organ in antiviral defence mechanism as well as
the influence of temperature change on hepatic immune response
against VHSV infection in olive flounder.

2. Materials and methods

2.1. Experimental infection

Experimental infection was carried out as previously described
(Avunje et al., 2013). Briefly, olive flounder (18–22 g) collected from a
local farm were distributed into two groups and were maintained at
15 ± 0.5 °C and 20 ± 0.5 °C in a controlled indoor rearing facility for
7 days prior to infection. Sixty fish per group were intraperitoneally
injected with 100 μL of viral suspension (107.8 TCID50/fish) of VHSV
(F1Wa05 strain) propagated in FHM cells. Alongside, 60 fishes in each
temperature (15 °C or 20 °C) were mock infected with DMEM0 and
designated as control groups. Afterwards five fish (n=5) were

randomly sampled at 12 h post-infection (hpi), and 1, 2, 4, and 7 days
post-infection (dpi) from the VHSV-infected and control fish groups
reared at both 15 °C and 20 °C temperatures. The liver tissues of fish
were aseptically dissected, flash frozen and stored at −80 °C until they
were used for total RNA extraction.

2.2. Total RNA extraction and reverse transcription

Total RNA was extracted from the liver tissues using RNAiso Plus
(Takara Bio Inc., Japan) as per manufacturer's protocols and quantified
by NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific,
USA). The residual genomic DNA was removed using RNase-free DNase
I (Takara Bio Inc., Japan). Total RNA (1 μg) was reverse-transcribed
into first-strand cDNA using ReverTra Ace® qPCR RT Kit (Toyobo,
Japan) using oligo-dT primer and ReverTra Ace reverse transcriptase in
a 10 μL reaction volume as per the manufacturer's protocol. The re-
sulting cDNA was stored at −20 °C.

2.3. Quantitative expression of immune genes and viral RNA

Gene-specific primers targeted for immune-related genes were de-
signed based on available sequences of olive flounder from NCBI da-
tabase using Primer3Plus. Olive flounder β-actin was selected as a
housekeeping gene, and all primers that were used for gene expression
are shown in Table 1. Real-time PCR was carried out in an Exicycler™
96 Real-Time Quantitative Thermal Block (Bioneer, Korea) using SYBR
Green AccuPower® PCR PreMix (Bioneer). For relative quantification of
each gene, cDNA from liver samples from the two experimental groups
as well as from their respective control groups were used as template.
The reaction was performed (in duplicate) in a final reaction volume of
20 μL. The reaction program began with a 10min initial denaturation at
94 °C, followed by 35 cycles of 20 s denaturation (94 °C), annealing
(temperature is given in Table 1) and scanning. The threshold cycle (Ct)
value was determined using the automatic setting on the Bioneer Ex-
icycler™ 96 Real-Time PCR system. Relative quantification of immune
response was estimated using 2−ΔΔCt method (Livak and Schmittgen,
2001). Viral mRNA was quantified as explained by Avunje et al. (2011).

2.4. Statistical analysis

The data generated for different gene expression were statistically
analyzed by using statistical package SPSS version 22 (SPSS Inc., USA)
in which data set for each gene were subjected to two-way ANOVA to
determine the statistical significance within the group (day wise), be-
tween the group (group wise) as well as to evaluate the interaction
effect. Duncan's multiple range test and an unpaired t-test were used to
determine the significant differences in gene expression at different
time points within and between the 15 °C and 20 °C fish groups re-
spectively. Comparisons were made at the 5% probability level. The p-
value below 0.05 was considered statistically significant. The results
were expressed as the mean ± standard error.

3. Results and discussion

3.1. Experimental infection and VHSV copy numbers

In the present study, it was noteworthy to see that olive flounder
injected with an equal amount of VHSV succumbs to death at 15 °C but
clears the virus at 20 °C. There was visible dropsy in the fish reared at
15 °C from 4 dpi which ultimately leads to a cumulative mortality of
24% (mortality was observed from 14 dpi to 20 dpi). However, there
were no signs of VHS in the 20 °C group during 30 days of experimental
period whereas both the control groups were also devoid of any clinical
signs of the disease (Avunje et al., 2012). The mortality observation
indicated an effective host immune response against VHSV that only
works at 20 °C to overcome viral pathogenicity but failed to do so at
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15 °C. In addition, we studied the levels of transcription of the nu-
cleoprotein (N) gene in the liver of the fish (n=5) for both the 15 °C
and 20 °C groups at various time intervals as an indicator of viral re-
plication in the tissue (Fig. 1). From the viral transcript analysis, it was
observed that the virus-infected olive flounder in both the groups tested
positive for N gene as early as 12 hpi (5.57 and 3.08 copies in the 15 °C
and 20 °C respectively). The copy number rapidly increased and
reached their peaks by 1 dpi in both the groups, though, the 15 °C group
carries tenfold (340.3 copies) more than the 20 °C group (39.3 copies)
followed by a declining trend of viral transcription from 2 dpi which
significantly reduced by 4 and 7 dpi. Comparing the current highest
viral mRNA transcript in the liver (~300 and ~40 copies at 1 dpi in the
15 °C and 20 °C groups, respectively) with that of kidney (~1000 copies
and ~100 copies in the 15 °C and 20 °C groups, respectively, during 12
hpi to 2 dpi) from our previous work (Avunje et al., 2011) it was evi-
dent that the rate of virus replication in the liver was much lower and
slower in liver compared to that of the kidney. The lower viral copy
number in the liver corresponds to the fact that liver is a less preferred
site for VHSV infection than the kidney as described in earlier studies
(Smail and Snow, 2011; Wolf, 1988). Thus a comparative analysis of
temperature-dependent hepatic immune responses in olive flounder
during VHSV infection will form a basis of immune function in the liver
and provide a better immunological knowledge on the immune factors,

which are important in controlling viral activity that leads to host
survival or pathogen-mediated lethality.

3.2. Expression kinetics of immune-related genes in the liver

The present study included comparative expression kinetics of di-
verse classes of immune-related genes in the liver which are known for
their predominance in the hepatic system as well as important for or-
chestrating a coordinative defence response in the liver of virus-in-
fected olive flounder at two different temperatures.

3.2.1. Hepcidin and cathepsin L
Among the various immune reactions predominant in the liver, the

production of antimicrobial peptides is one of the first lines of hepatic
defence against pathogens. Hepcidin, commonly produced anti-
microbial peptides in the liver, is involved in the innate immune re-
sponse of fish against a variety of infectious agents such as viruses,
bacteria, and fungi. It also functions as a principal iron-regulatory
hormone and known to play a role as an anti-inflammatory molecule
(Castro et al., 2014; Domenico et al., 2010; Raida and Buchmann, 2009;
Krause et al., 2000). In the present study the expression levels of hep-
cidin gene transcript differed significantly (p < .05) between the two
experimental groups with very high level of expression in the 20 °C
group at 12 hpi and 2 dpi (~22.83-folds to ~45.77-folds compared to
control) against low responses in the 15 °C group (6.02-fold increase at
2 dpi) (Fig. 2A). The significantly higher induction of hepcidin gene can
be well supported by several previous findings where significant up-
regulation of hepcidin gene transcripts in fishes (especially in the liver)
on different bacterial infection (Alvarez et al., 2013; Cuesta et al., 2008;
Chen et al., 2007; Douglas et al., 2003) as well as viral infection (ner-
vous necrosis virus infection in medaka) (Wang et al., 2010) have been
documented.

Next, to hepcidin, we analyzed the expression pattern of cathepsin L
(Fig. 2B). It is a lysosomal endopeptidase, a member of the peptidase C1
family (papain-like family) of cysteine proteinases that play an im-
portant role in diverse processes including normal lysosome-mediated
protein turnover, antigen and proprotein processing, and apoptosis
(Cho et al., 2016; Dickinson, 2002). In the study, we observed a sig-
nificant (p < .05) increase in the cathepsin L expression at 12 hpi in
both the group followed by a sharp decline at 1 dpi as the virus copy
number rises. But interestingly, during 2–7 dpi, only the 20 °C group
showed some upregulation while there was no significant change in the

Table 1
Primers used for real-time PCR.

Target gene GenBank acc. no Product length Sense primer Antisense primer Taa References

VHSV N JF792424 138 atctggaggcaaagtgcaag ccatgaggttgtcgttgttg 62 (Avunje et al., 2011)
β-actin HQ386788 131 cctcttccagccttcattc tggttcctccagatagcac 56 (Avunje et al., 2011)
Hepcidin AY623817 171 tacaagacgctgtggtgctc cagagctgtcctgaatgcaa 58 (in this study)
Cathepsin-L FJ172449 204 acaatgccttccgctacatc catggatggctacagacacg 58 (in this study)
C3 AB021653 233 ctgcgcacattcctgagtta tactgctggaccatctgctg 58 (in this study)
CFD GQ149466 102 ggcaacaagttcaccgccaa cccagagtccccatcacagc 58 (in this study)
ISG15 AB519717 135 gctgtatgacaacggtcagc ctcaggaagacctggatgg 60 (Avunje et al., 2011)
Mx AB110446 159 tcactggatttcccaacctc tgtcactcaaactgctgctg 62 (Avunje et al., 2011)
IL-1β AB070835 128 aaagaagcatcaccactgtct ctactcaacaacgccacctt 56 (Avunje et al., 2011)
IL-8 AF216646 200 tcggccgctacattaagagt ttaaacggcttctgaccccatc 58 (in this study)
CD4 AB643634 177 caagtggacctgtgttgtgg tcctgcacacccttagcttt 58 (in this study)
CD8 AB082957 108 taagggcaacactaacacagg atgaggaggaggagaaggag 56 (Avunje et al., 2012)
MHC I AB126921 148 tctccctcctctccagtcagc gctcatctggaaggtcccgtcat 58 (Avunje et al., 2012)
MHC II AY848955 107 gtcgtcaggcttcactctgt tctctttgccagctcacttt 56 (in this study)
p53 EF564441 159 cgaggaaagcagcaccaaga ccccgaccgacaataggaag 58 (Avunje et al., 2012)
HSP70 AF053059.1 133 acattgaacgcatggtccag agcttctcatcctccacagttg 60 (in this study)
Caspase3 JQ394697 115 acatcatgacacgggtgaac tccttcgtcagcattgacac 58 (Avunje et al., 2012)
TLR2 AB109393 100 gctacatctgcgactctcct cacagggacacgaacaaatc 58 (Avunje et al., 2013)
TLR7 HQ845984 97 cctgggaaatctggaagaac tttgagggaggagaaactgc 62 (Avunje et al., 2013)
MDA5 HQ401014 133 acgagcgacctcttgatttg agcgtcaccacgaagttttg 60 (Avunje et al., 2013)

a Ta: annealing temperature.

Fig. 1. Absolute viral (VHSV N gene) copy number in liver of viral haemor-
rhagic septicaemia (VHSV)-infected olive flounder (107.8 TCID50/fish) at 15 °C
or 20 °C. Mean copy number (n=5, n is number of fish sampled per time point)
per 50 ng total RNA plotted against time after viral infection.
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15 °C group compared to control level (2 dpi and 4 dpi). The insignif-
icant change of cathepsin L in the 15 °C group might be an indicator of
host's inability of cathepsin L related immune function. Thus it can be
inferred that both hepcidin and cathepsin L proved to have an im-
portant host immune regulatory function against VHSV in the liver
when the temperature was conducive.

3.2.2. Complement factor – C3 and factor D
The fish complement system is an integral part of hepatic immune

response and it has a role to play in host defence (Wu et al., 2016;
Takahashi et al., 2009). In case of enveloped viruses, the complement
system employs various elimination processes viz., direct neutralization
of cell-free viruses, lysis of the virion or virus-infected cells, induction
of antiviral state and boosting of virus-specific immune responses
(Agrawal et al., 2017). Among various complement molecules, com-
plement factor C3 plays a central role in all complement activation
pathways. This complement factor not only takes part in the production
of membrane attack complex against pathogens but also plays a crucial
role in opsonisation, phagocytosis and release of anaphylatoxins C3a,
which attract neutrophils to the site of infection (Castro et al., 2014;
Boshra et al., 2006). In our study, there was early upregulation of C3 in
the 20 °C group (3.5-fold and 1.7-fold increase at 12 hpi and 1 dpi,
respectively) in comparison with prolonged downregulation in the
15 °C group (Fig. 2C). In addition, the complement factor D, an im-
portant factor for activation of the alternative pathway, showed con-
sistent downregulation in the 15 °C group in contrast with the normal
level in the 20 °C group (Fig. 2D). The downregulation of both C3 and
factor D at 15 °C, predicts two possibilities i.e., either the virus evades
the complement pathway due to which complement system fails to
recognize the virus and remains inactivated or the lower temperature
negatively influence the host complement activation. However, the
reason for the disparity in the expression profiles of C3 and factor D at
two differential temperatures cannot be inferred from the present re-
sults and a more detailed study is needed to unveil the exact cause.
Nevertheless, the differential expression patterns of complement genes
at two temperatures suggests that, at 15 °C, the subdued complement
system of the host was unable to instigate the lysis of virus ultimately
facilitating uninterrupted viral proliferation and disease manifestation
which is in contrast to the antiviral complement activation as indicated
by early upregulation of both the genes in the 20 °C group.

3.2.3. PRRs pathway genes (TLR2, TLR7, and MDA5)
As it has been reported earlier that the pattern recognition receptors

(PRR) pathways mediated immune response are independent of tissue
specificity (Kawai and Akira, 2010; Takeda et al., 2003; Akira et al.,
2001), we analyzed the expression of PRRs pathway genes TLR2
(Fig. 2E), TLR7 (Fig. 2F) and MDA5 (Fig. 2G). The expression pattern in
the liver for all the 3 PRRs gene studied was similar to our previous
work on olive flounder kidney (Avunje et al., 2011, 2012, 2013).
Stronger expression of TLR2, TLR7 and MDA5 at 12 hpi to 2 dpi in the
20 °C group compared to the 15 °C group enabled proper recognition of
viral antigens which in turn helps to stimulate cytokine production that
ultimately leads to complete removal of the pathogen and recovery
from the infection at 20 °C whereas the lower expression of the PRRs
pathway genes at 15 °C can be caused by the adaptation of the virus to
evade these receptors, causing disease to the fish.

3.2.4. Interferon-stimulated genes (ISG15, Mx)
Interferon-mediated immune responses involve the stimulation of

various antiviral ISGs which are critical in establishing an antiviral state
in the host inhibiting viral replication and proliferation (Hu et al., 2011,
2010). In the present study, the 20 °C group showed quicker and
stronger expression of ISG15 (Fig. 2H) and Mx (Fig. 2I) genes starting
from 12 hpi to 2 dpi in compared with the delayed response in the 15 °C
group (at 2 dpi only) can be correlated with the disease resistance in the
20 °C group and VHSV-mediated pathogenicity in the 15 °C group. This
finding is well supported by earlier studies (Takami et al., 2010) where
they reported a quicker induction of antiviral proteins was essential to
overcome viral pathogenicity. From these results, we can interpret that
interferon-driven pathway also actively works in the hepatic system for
countering viral insults.

3.2.5. Inflammatory cytokines (IL-1β and IL-8)
In addition to the PRRs pathway genes, cytokines and chemokines

played essential roles in immune defence by attracting and recruiting
various immune cells to infection sites (Cho et al., 2016). Timely re-
sponse of the pro-inflammatory cytokine (IL-1β) and chemokine (IL-8)
(activated by PRRs) proved critical in combating the disease manifes-
tation. They cause inflammatory responses and need to be tightly
controlled to have a beneficial immune induction in the host against
viral insults (Takeuchi and Akira, 2010; Sims and Smith, 2010). In the
VHSV-infected fish maintained at 20 °C, IL-1β (Fig. 2J) showed sig-
nificant (p < .05) upregulation at 12 hpi and 1 dpi that drastically
reduced to control levels at 2–4 dpi, indicating an initial inflammation
when the viral load was high followed by return to normal at recovery
stage as viral copies subside to undetectable levels. In contrast, the
15 °C group showed no significant upregulation throughout the ex-
perimental period which resulted in insufficient inflammation reaction
to counter viral proliferation. IL-8 (Fig. 2K) expression was significantly
higher in the 20 °C group in comparison with the 15 °C group from 12
hpi to 2 dpi. The early upregulation of IL-8 transcripts in the 20 °C
group and under-expression in the 15 °C group indicates it is tempera-
ture dependent and functions as a chemoattractant for immune cells in
the VHSV-infected site. Similar upregulation of chemokine during early
viral (VHSV and IPNV) infection was observed in kidney and spleen of
rainbow trout (Montero et al., 2009), suggesting that IL-8's induction
kinetics are closely oriented with the viral infection. Moreover, the
differential expression of IL-1β and IL-8 in the present study indicates
their integral role in the hepatic anti-viral immune response against
VHSV attack.

3.2.6. Antigen presentation (MHC I, MHC II, CD4, and CD8)
The major histocompatibility complex class I and class II genes

along with CD4 and CD8 play key roles in the recognition and pre-
sentation of antigens and immune signal transduction after pathogen
invasion (Kato et al., 2013; Dan et al., 2013; Raida and Buchmann,
2008). MHC II gene showed no significant difference in the expression
in the 15 °C group with slightly high expression at 2 dpi (relative to
control). When compared with 15 °C, the 20 °C group displayed sig-
nificant upregulation (p < .05) at 2 dpi to 7 dpi (Fig. 2L). On the
contrary, the CD4 expression (Fig. 2M) was interestingly very high at 12
hpi (182.31-fold), 1 dpi (128.62-fold) and 2 dpi (72.25-fold) in the
20 °C group which gradually declines at 4 dpi (18-fold). Similar trends

Fig. 2. Relative expression analysis of immune genes in liver tissue of olive flounder maintained at 15 °C and 20 °C after viral haemorrhagic septicaemia (VHSV)
infection. Expression levels of each gene were compared between the two experimental groups relative to the control and the mean (n=5) relative expression of
Hepcidin (A), Cathepsin L (B), Complement factors, C3 (C), CFD (D), TLR2 (E), TLR7 (F), MDA5 (G) ISG15 (H), Mx (I), IL-1β (J), IL-8 (K), MHC II (L), CD4 (M), MHC I
(N), CD8 (O), p53 (P), HSP70 (Q), and caspase-3 (R) were plotted with standard error against time after infection. A two-way ANOVA was performed with the data
set for each gene. The p-values within the group (day wise), between the group (group wise) and for interaction effect are evaluated to determine statistical
significance (p < .05). Duncan multiple range test (homogenous subsets for 15 °C and 20 °C groups indicated by lowercase and uppercase alphabets respectively)
within the groups (day-wise) and an unpaired t-test (indicated by asterisks *) between the groups at different time points were also performed to analyze the
statistical differences.
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in expression were observed in the 15 °C group (93.1-fold at 1 dpi and
76.86-fold at 2 dpi) with an exception at 12 hpi, where there was no
significant difference in expression compared to control. The higher
expression of MHC II at 20 °C than 15 °C with simultaneous early re-
sponses of the CD4 transcript at 20 °C proves the importance of both
MHC II and CD4 in viral antigen processing and presentation. The high
transcription levels of CD4 molecules observed in olive flounder liver
suggested that the liver consists of cells bearing CD4 on the cell surface
and its initial response to infection seemed related to a T cell-dependent
response. However, the contrasting expression MHC II (late upregula-
tion) with that of CD4 (early upregulation) at 20 °C exhibited no direct
relation between them, instead indicating the involvement of other
molecules in the antigen presentation steps and suggesting a further
detailed investigation.

The MHC I- and CD8-mediated cytotoxic T cell pathway showed
contrasting expression kinetics at two different temperatures (Fig. 2N,
O). In the 15 °C group, it was observed that the expression of MHC I
(except one fish at 2 dpi) and CD8 were significantly declined in the
early phase of infection, but normalized after the viral transcript sub-
sides. In comparison, in the 20 °C group, MHC I (at 12 hpi to 4 dpi) and
CD8 (at 1 and 2 dpi) genes showed an elevated expression during 1–2
dpi before returning to the normal level by 7 dpi. Thus, in combination
with the cathepsin L gene expression which lies upstream in the
pathway of an apoptotic cascade it can be concluded that early en-
hancement of MHC I transcript in the 20 °C group resulted in T cell
activation in the hepatic immune system (a hallmark of macrophages at
sites of inflammation) followed by a more organized form of apoptosis
limiting the ability of the virus to proliferate. This is well supported by
previous works where it was documented that viral peptides presented
by MHC I are recognized by CD8 T cells which proliferate to become
effector cytotoxic T cells that in turn recognize virus-infected cells and
induce several cell death inducers of the apoptotic pathway (Chávez-
Galán et al., 2009; Schultz and Harrington, 2003).

3.2.7. Stress response and apoptotic response (p53, HSP70, and caspase-3)
Apoptosis, or programmed cell death, is one of the central reg-

ulatory features of the immune defence mechanism against pathogens,
particularly viruses (Sun and Shi, 2001; Everett and McFadden, 1999).
Apoptosis prevents the proliferation of infective agents from uninfected
healthy cells by killing infected cells (Jacobson et al., 1997; White and
Steller, 1995). The anti-tumor protein p53 is a key molecule in both the
extrinsic death receptor pathway (triggering the activation of a caspase
cascade) as well as the intrinsic mitochondrial pathway (promoting the
formation of the apoptosome), resulting in caspase-mediated apoptosis
(Haupt et al., 2003). From our findings, transcriptional profile of p53
gene (Fig. 2P) showed significant downregulation in the 15 °C group in
contrast to slight elevation in the 20 °C group. Although, the difference
in the expression of p53 in the two experimental groups was statistically
significant, still due to the marginal variation, it is difficult to infer
about the positive role of p53 molecule in hepatic immune responses
against VHSV. Nevertheless, we can predict from the relationship be-
tween the higher viral mRNA copies alongwith the downregulation of
p53 gene in the 15 °C group that the apoptotic mechanism failed to
initiate protection in the 15 °C group which paved the opportunity for
the virus to proliferate and cause disease in the host.

HSP70 is another important molecule which undergoes conforma-
tional changes in response to stress, making cells resistant to stress-
induced cell damage. In the study, prolonged downregulation of HSP70
in the 15 °C group signifies host inability to combat viral stress.
However, in the 20 °C group, there was a slight increase in HSP70
transcript from 2 dpi (Fig. 2Q). This enhancement of HSP70 gene
transcript during 2–7 dpi indicates the presence of free HSP70 protein
in the cytosol resulted after subsequent repair of damaged tissues after
viral infection and dissociation from trimeric HSF (heat shock factor)
and release of inactive monomeric HSF (Iwama et al., 1998).

The current study also elucidates expression of the apoptosis-related
caspase-3 gene, the final executioner of cell death (Taylor et al., 2008;
Benedict et al., 2002). Caspase-3 showed a relatively higher expression
in the fish reared at 20 °C than at 15 °C during 2–4 dpi (Fig. 2R).

Fig. 2. (continued)
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However, caspase-3 transcript was very low at 12 hpi and 1 dpi in both
the experimental groups indicating suppression of expression due to
VSHV infection at an early stage. This phenomenon is consistent with
the study of Ammayappan and Vakharia (2011) where they reported
novirhabdovirus like VHSV and IHNV suppresses apoptotic genes like
caspase-3 at early stage of viral infection. Similar to the p53 and HSP70
gene expression, the caspase-3 expression dynamics at the two tem-
peratures was not strikingly different to give a conclusive evidence of
its role in the hepatic immune responses. Intriguingly, the expression
profiles coincided with the viral transcripts suggesting that apoptotic
pathway might be potentially more active at 20 °C than at 15 °C.
However, further study is needed to better elucidate the role of these
apoptotic genes in relation to hepatic immune response against VHSV in
olive flounder. In addition, the present study showed lower overall
apoptotic activity in the liver when compared with that of the kidney
(Avunje et al., 2012) which can be correlated with the differential viral
copy number in the two organs i.e., higher copies in kidney than in
liver, and henceforth, the resultant apoptotic response was viz-a-viz the
viral load.

In summary, our results demonstrate that T lymphocytes play a
crucial role in the initial response to VHSV in the liver at 20 °C, as is
evident from the upregulation of CD4, CD8, cathepsin L, Mx, and ISG15
genes, which ultimately helps the host to have a coordinated immune
response against VHSV leading to host survival. Consequently, a down-
regulated expression pattern for several important immune-related
genes post-infection at 15 °C, especially the genes related to the apop-
totic pathway, cytotoxic T-cell pathway, and complement system re-
sulted in the failure of the host immune system to combat the viral
proliferation. In addition, the viral infection triggered the activation of
several PRRs including TL2, TLR7 and MDA5 along with regulated
activation of IL-1β and IL-8 at 20 °C. Regulation of antimicrobial pep-
tides, hepcidin, and complement was also appreciated in the liver at
1–2 dpi in the 20 °C group. Hence, the present study helps us to gain an
insights on functional aspects of hepatic defence in orchestrating anti-
VHSV immune responses in olive flounder.
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