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Common carp is one of the oldest cultivated freshwater fish species and is currently one of the 

most economically valuable species in aquaculture. It is cultivated for human consumption with a 

worldwide production of 3.8 million metric tons per year (estimation from the FAO for 2012). While 

common carp is a cheap source of animal proteins, its colourful ornamental subspecies (koi carp) is 

grown for personal pleasure and competitive exhibitions. Koi carp represent one of the most expensive 

markets for individual freshwater fish. In the late 1990s, a highly contagious and fatal disease started 

to cause severe economic losses in these two carp industries worldwide. The causative agent of the 

disease, initially called koi herpesvirus (KHV), has been recently renamed cyprinid herpesvirus 3 

(CyHV-3) and classified in the Alloherpesviridae family of the order Herpesvirales. 

The economic importance of common and koi carp industries together with the rapid spread of 

CyHV-3 worldwide, explain why this virus became soon after its isolation a subject of applied 

research. However, these applied studies rapidly demonstrated that the CyHV-3 – carp model is also 

an interesting subject for fundamental researches: (i) CyHV-3 is phylogenetically distant from the vast 

majority of herpesviruses that have been studied so far (the latter belong to the family Herpesviridae), 

thereby providing an original field of research. (ii) The sequence of its genome reveals a fascinating 

virus with unique properties in the Herpesvirales, such as an extremely large genome (295 kb), a high 

number of sequences which are not homologous to already characterized viral or cellular genes but 

also sequences which are homologous to cellular genes of the immune system. (iii) It can be studied in 

laboratories by infection of its natural host (homologous virus-host model) for which substantial 

information and reagents are available. Altogether, the points listed above demonstrate that the 

CyHV-3 – carp model is a very good model to study viral-host interactions taking place during the 

infection of a teleost fish. 

Teleost fish possess a complete immune system developing both innate and adaptive immune 

responses. Compared to higher vertebrates, the innate immune response of teleosts plays a larger role 

in the immune system for the following reasons. First, the adaptive immune system only matures after 

few months, so that young fish rely entirely on the innate immune system early in life. Second, the 

activation of the adaptive immune system is dependent on the temperature of the water. In carp, the 

adaptive immune response is active only at temperature above 14°C, implying that at lower 

temperatures fish rely entirely on their innate immune system to prevent and control infections. In this 

thesis, we addressed two types of innate immune responses developed by carp against CyHV-3 

infection: the role of the epidermal mucus as an innate immune barrier against CyHV-3 entry during 

the early stages of life and the expression of behavioral fever by juvenile fish.  

This manuscript is organized as follows. It starts with a broad introduction on CyHV-3 

summarizing the knowledge available on this virus. This introduction has been published as a chapter 

in Advances in Virus Research. Following the introduction, the objectives of the thesis are briefly
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exposed and are followed by the experimental section. This section consists of two chapters dedicated 

as mentioned above to innate immune responses developed by carp against CyHV-3. The first has 

been published in Veterinary Research. The second was under submission for publication when this 

manuscript was printed. In the last section of this manuscript “Discussion and perspectives”, the main 

results are discussed and some perspectives are presented. While this thesis focused on fundamental 

aspects of the innate immune mechanisms developed by carp against CyHV-3, it was also an 

opportunity to contribute to an applied project aiming to develop a safe and efficacious attenuated 

recombinant vaccine against CyHV-3. This study has been published in Plos Pathogens and is 

provided as an annex at the end of this manuscript. 
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The objectives of this thesis were to investigate the role of two unrelated innate immune 

mechanisms of carp in anti-CyHV-3 immunity. The first objective was to determine the role of 

epidermal mucus as an innate immune barrier against CyHV-3 entry during the early developmental 

stages of carp. The rational of this question relied on different independent observations: (i) The early 

developmental stages of carp were reported to be resistant to CyHV-3 infection (Ito et al., 2007). (ii) 

The host laboratory demonstrated using in vivo bioluminescence imaging that the epidermis covering 

the fins and the body of carp is the major portal of entry for CyHV-3 (Costes et al., 2009). And (iii) 

The epidermal mucus of adult carp was proved to act as an innate immune barrier reducing the binding 

of CyHV-3 to epidermal cells (Raj et al., 2011). Based on these observations, we postulated that the 

early developmental stages of carp could be resistant to CyHV-3 infection due to stronger inhibition of 

viral binding to epidermal cells by epidermal mucus. To test this hypothesis, we investigated the 

sensitivity and the permissivity of carp to CyHV-3 during the early stages of its development.  

The second objective of this thesis consisted to investigate whether carp express behavioral 

fever when infected by CyHV-3; and if so, what is the effect of this innate immune reaction on the 

development of CyHV-3 disease. When infected by pathogens, both endotherms and ectotherms can 

express a salutary reaction by increasing their body temperature. While in endotherms this reaction is 

called fever and depends on intrinsic thermogenesis, ectotherms like teleosts can only upregulate their 

body temperature by moving to warmer places, hence the term behavioral fever. When studying the 

pathogenesis of CyHV-3 (Boutier et al., 2015), we observed that carp infected at 24°C (the thermal 

preference of healthy carp) tended to concentrate around the tank heater when it was running. This 

observation led us to postulate that infected subjects could express behavioral fever in natural 

environments where temperature gradients exist. 
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Preamble 

 

Common carp and its subspecies koi undergo important morphological, histological and 

physiological modifications during their development which encompasses successive stages. From 

hatching to 3-5 days post-hatching, fish are called embryos. When the yolk sac is entirely absorbed (by 

3 to 5 days post-hatching) carp are named larvae. This stage lasts until a metamorphosis around 2 to 3 

weeks post-hatching, when fish become juveniles. Finally, around 35 days post-hatching, carp are 

called fingerlings that appear just like adults.  

The susceptibility of carp to CyHV-3 infection has been tested by immersion of different 

developmental stages in infectious water (Ito et al., 2007; Michel et al., 2010; Perelberg et al., 2003). 

These studies suggested that carp are susceptible to the infection from the juvenile stage onwards with 

a maximum of susceptibility at the fingerlings stage. Ito et al postulated that the two earlier 

developmental stages (embryo and larvae) are resistant to CyHV-3 infection (Ito et al., 2007).  

Interestingly, this resistance could be due to a lack of expression of a component essential for 

completion of the viral infection (e.g., a cell surface binding receptor) by the early developmental 

stages and/or the expression of an innate immune mechanism capable of preventing the infection that 

is not expressed or at a lower level by later developmental stages. 

Two recent studies of the host laboratory led us to investigate these two non-exclusive 

hypotheses at the level of the portal of entry for CyHV-3. Using in vivo bioluminescence imaging and 

a CyHV-3 recombinant strain expressing luciferase as a constitutive reporter gene (revealing 

replicative and non-replicative infections), Costes et al. demonstrated that the epidermis covering the 

fins and the body of carp is the major portal of entry for CyHV-3 (Costes et al., 2009). A possible 

hypothesis to explain the resistance of the early developmental stages could be that their epidermal 

cells are not sensitive to CyHV-3 infection. A second study relying on the same tools by Raj et al. 

proved that the epidermal mucus of adult carp acts as an innate immune barrier reducing the binding of 

CyHV-3 to epidermal cells (Raj et al., 2011). This study led us to hypothesize that early 

developmental stages of carp could be resistant to CyHV-3 due to a more efficient anti-viral activity of 

their epidermal mucus.   

In the present study, we tested the two hypotheses described above using in vivo 

bioluminescence imaging and a CyHV-3 recombinant strain expressing luciferase. The different 

developmental stages of carp were infected through different routes (natural and artificial) of infection 

to clarify the determinism of the resistance observed for the two early stages. 
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Preamble 

  

The raise of body temperature is a frequent innate immune response expressed by endotherms 

when they are infected by pathogens (for a recent review on this topic please see (Roth & Blatteis, 

2014) ). This increase of temperature is part of an integrated physiological syndrome accompanied by 

neuroendocrine and behavioral modifications, which is named “fever” and aimed to increase host 

immune defenses and survival. Fever is mainly induced through a humoral pathway. Its signaling 

starts with the detection of pathogen-associated molecular patterns (PAMPs) and/or 

damage-associated molecular patterns (DAMPs) by immune cells which release pyrogenic cytokines 

such as interleukin (Il) 1β, Il6, tumor necrosis factor α (Tnfα) and interferons. These cytokines, called 

endogenous pyrogens, migrate through the bloodstream to the brain where they penetrate the 

preoptic-anterior hypothalamic area (POA) either by active transendothelial transport or by diffusion 

through the sensory circumventricular organs (CVOs). The CVO encompass the organum vasculosum 

laminae terminalis (OVLT), the area postrema (AP), and the subfornical organ (SFO), which all lack 

a tight blood-brain-barrier but rather present a fenestrated endothelium. In the POA, endogenous 

pyrogens induce the expression of COX-2 and hence, prostaglandin E2 (PGE2) synthesis. As an 

alternative or parallel pathway, the CVOs but also some brain endothelial and perivascular cells 

bearing TLRs, can react to PAMPs or circulating cytokines and directly secrete PGE2, cytokines or 

other mediators. In addition to the PGE2 locally produced in the brain, PGE2 can also be produced by 

macrophages at the periphery. Independently of its peripheral or brain origin, PGE2 stimulates a group 

of neurons bearing the PGE2-receptor subtype 3 (EP3) in a particular locus of the POA called the 

median preoptic nucleus (MnPO) which elicits the intrinsic thermogenesis and heat conservation 

mechanisms. Beside the classical humoral activation pathway described above, fever can also be 

induced by a neural pathway, mainly through PGE2 stimulated vagal afferent nerves. This neural 

stimulation of fever is presumed to be responsible for short onset of fever, as compared to fever 

resulting from the humoral pathway.  

 Ectotherms, like endotherms, can increase their body temperature when they are infected by 

pathogens. Ectotherms lack intrinsic thermogenesis and as a consequence their body temperature 

reflects the one of their environment. In order to increase their temperature, ectotherms including 

invertebrates (Campbell et al., 2010; Hunt & Charnley, 2011), amphibians (Kluger, 1977), reptiles 

(Vaughn et al., 1974) and fish (Cabanac & Laberge, 1998; Grans et al., 2012; Reynolds et al., 1976) 

have been shown to move to warmer places, a process called “behavioral fever”. Signaling pathway of 

behavioral fever has been studied exclusively at the level of the central nervous system. These studies 

suggest an evolutionary and functional relationship between behavioral fever in ectotherms and fever 

in endotherms (Cabanac & Le Guelte, 1980; Evans et al., 2015; Hutchison & Erskine, 1981). No study 
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has yet demonstrated whether this evolutionary relationship extends to the cytokine mediators that 

inform the brain of infections detected in the body by immune cells. 

 Fever in endotherms and behavioral fever in ectotherms can increase host survival to infection. 

This salutary effect is the consequence of the elevation of body temperature, which increases the 

efficiency of both innate and adaptive (when existing) immune mechanisms and can restrict replication 

of invading pathogens (Boltaña et al., 2013; Covert & Reynolds, 1977; Elliot et al., 2002). To date, no 

pathogen has been shown to alter the expression of behavioral fever to increase its fitness. 

When studying the pathogenesis of CyHV-3, we observed that carp infected at 24°C (the 

thermal preference of healthy carp) tended to concentrate around the tank heater when it was running. 

This observation led us to postulate that infected subjects could express behavioral fever in natural 

environments where temperature gradients exist. Moreover, as temperatures above 30°C inhibit 

CyHV-3 replication in vitro and the development of CyHV-3 disease in vivo (Gilad et al., 2003), we 

hypothesized that common carp can express salutary behavioral fever in response to CyHV-3 

infection.  
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Abstract 

When infected by pathogens, endotherms and ectotherms can both increase their body temperature to 

limit the infection. Ectotherms do so by moving to warmer places, hence the term “behavioral fever”. 

The function of cytokines in the regulation of this process is unknown. It is also unknown whether 

pathogens can alter this behavior to increase their fitness. Here, we show that cyprinid herpesvirus 3 

promotes its replication and transmission by delaying the migration of infected fish to warmer 

environments. The mechanism of this inhibition was found to rely on the expression of a virally 

encoded soluble Tnfα-receptor. Our results demonstrate that fever in endotherms and behavioral fever 

in ectotherms are evolutionarily and functionally related through cytokine mediators that originated 

more than 400 million years ago. Remarkably, this study demonstrates for the first time the ability of a 

vertebrate virus to alter host behavior through the expression of a single gene. 
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Main Text 
 

In endotherms, a primary symptom of infection is a rapid increase of body temperature known 

as fever. In the classical model of pathogenesis (Fig. 1A), pathogen-associated molecular patterns 

(PAMPs) acting as exogenous pyrogens are detected by immune cells, which react by secreting 

pyrogenic cytokines, such as tumor necrosis factor alpha (Tnfα), interleukin (Il)1, Il6, and interferons 

(1-4). These endogenous pyrogens then act at the level of the central nervous system where they 

induce synthesis of prostaglandins (PG), ultimately leading to fever (5). 

Fig. 1 – Schematic representation of signaling pathways of fever in endotherms (A) and behavioral fever 
in ectotherms (B). Schematic representation of the working hypothesis addressed in this study (C).  

 

 Ectotherms, including invertebrates (6, 7), amphibians (8), reptiles (9) and fish (10-12), have 

also been shown to increase their body temperature in response to infection or injection of exogenous 

pyrogens. As they lack intrinsic thermogenesis, ectotherms upregulate their body temperature by 

moving to warmer places. This process is known as “behavioral fever” (Fig. 1B). Previous studies of 

the regulation of behavioral fever in ectotherms at the level of the central nervous system have 

demonstrated its evolutionary relationship with fever in endotherms (4, 13, 14). However, no study has 

yet determined whether this evolutionary relationship extends to the cytokine mediators that inform 

the brain of the infections detected by immune cells throughout the body. Importantly, the 

identification of homologous pyrogenic cytokines in ectotherms and endotherms would further  



 

 

Fig. 2 – Common carp express salutary behavioral fever in response to CyHV-3 infection. (A) The 
experimental setup tank systems were as follows: multi-chamber tank (MCT) and single chamber tank (SCT). 
Throughout this manuscript, a color code was adopted to illustrate temperature with blue, green and red 
representing 24°C, 28°C and 32°C, respectively. Behavioral fever was defined as the migration of at least 20% 
of the fish to the 32°C compartment. (B) Distribution of fish (n=15) in the different compartments of the MCT 
according to time post-CyHV-3 infection. On day 0, fish were infected with wild-type CyHV-3 (WT) (upper 
graph) or were mock-infected (Mock) (lower graph). On day 17, the tank that was initially infected was mock-
infected, and the previously mock-infected tank was infected. The number of fish in each compartment was 
counted every 30 min and expressed as a mean per day + SD. The days at which the numbers of fish in the 32°C 
compartment were different between the two tanks are indicated according to the level of significance (red 
asterisks). See also Supplementary Video 1 recorded at 7 dpi. (C) The effect of temperature on survival rate after 
CyHV-3 infection. Carp were housed in SCTs (n =15; at 24°C, 28°C and 32°C), in a MCT (n=15) (MCT) and in 
each compartment (n=10) of a MCT in which the tunnels were blocked by grids (MCT blocked). Survival rates 
were measured according to time post-infection with CyHV-3 (WT) (See also Supplementary Video 2 recorded 
9 dpi). (D) Viral load (8 fish analyzed per time point, mean + SD) and cytokine gene expression (8 fish analyzed 
per time point, mean + SD) according to time post-CyHV-3 infection in MCT. Significant differences observed 
between CyHV-3 infected fish collected at different post-infection times and mock-infected fish sampled at day 
0 are indicated by asterisks. The red arrow indicates the period during which behavioral fever was observed. 
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demonstrate the evolutionary and functional relationship between behavioral fever in ectotherms and 

fever in endotherms. 

 Fever in endotherms and behavioral fever in ectotherms can increase host survival to 

infection. This salutary effect is the consequence of the elevation of body temperature, which increases 

the efficiency of both innate and adaptive (when existing) immune mechanisms and can restrict 

replication of invading pathogens (15-17). To date, no pathogen has been shown to alter the 

expression of behavioral fever to increase its fitness. 

When studying the pathogenesis of cyprinid herpesvirus 3 (CyHV-3), the causative agent of 

an emerging and deadly disease in common and koi carp (Cyprinus carpio), we observed that carp 

infected at 24°C (the thermal preference of healthy carp) tended to concentrate around the tank heater 

when it was running. This observation led us to postulate that infected subjects could express 

behavioral fever in natural environments where temperature gradients exist. Moreover, as temperatures 

above 30°C inhibit CyHV-3 replication in vitro and the development of CyHV-3 disease in vivo (18), 

we hypothesized that common carp can express salutary behavioral fever in response to CyHV-3 

infection. 

To test this hypothesis common carp were housed in multi-chamber tanks (MCTs; Fig. 2A), 

where they could freely move between three chambers maintained at 24, 28 and 32°C. Fish 

distribution in the three compartments was recorded over time (Fig. 2B). Based on multiple 

observations of mock-infected and infected carp, behavioral fever was defined as the migration of at 

least 20% of the fish to the 32°C compartment. In the absence of infection, the majority of carp were 

distributed in the 24°C compartment and to a lesser extent in the 28°C compartment, with variations 

between experiments. Independently of this variation, the fish began to reside more frequently in the 

32°C compartment between 4 and 6 days post-infection (dpi) (range defined based on all experiments 

performed), with a peak at approximately 6-9 dpi. At 12 dpi, the distribution of the fish was usually 

returned to normal, with only the occasional fish in the 32°C compartment. To confirm these 

observations, at 17 dpi, the tank that was initially infected was mock-infected (Fig. 2B, upper graph), 

and the previously mock-infected tank was infected (Fig. 2B, lower graph). We again observed that 

CyHV-3 infection induced behavioral fever. Interestingly, none of the fish infected with CyHV-3 in 

the MCTs died during the course of these experiments, leading to the hypothesis that expression of 

behavioral fever could be salutary for carp. The results presented in Fig. 2C confirmed this hypothesis. 

None of the fish infected in the MCTs died from the infection, whereas survival rates of 0% and 20% 

were recorded when fish were infected in single chamber tanks (SCTs; Fig. 2A) maintained at 24°C 

and 28°C, respectively. Significantly higher survival rates of 40% and 80% were observed when 

infected fish were blocked by grids in the 24°C and 28°C compartments of the MCT, respectively. The 

higher survival rates observed in the chambers of the MCT compared with their respective SCT are 

likely explained by the temperature variations existing in front of the entry of the tunnels. Consistent 



 

 

 

Fig. S1 – Effect of temperature on CyHV-3 replication in vitro. CCB monolayers were infected at a MOI of 
0.01 pfu/cell for 2 h at 24°C with the CyHV-3 EGFP strain (A) or WT Luc strain (B). Cells were then incubated 
at 24, 28 or 32°C. At the indicated post-infection times, cells were analyzed to estimate the level of viral 
replication. (A) EGFP expression was visualized by confocal microscopy. Scale bars = 500 µm. (B) Luc 
expression was quantified by IVIS. Mock-infected cells were used as negative controls. The data presented are 
the average light radiance ± SD of quadruplicate analyses. The significant differences of framed data are marked 
with asterisks. 
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with an earlier report (18), infected fish in the SCT at 32°C or blocked in the 32°C compartment of the 

MCT did not develop CyHV-3 disease. The effect of temperature on the development of CyHV-3 

disease is also illustrated by Video 2. It shows that clinical signs expressed by fish blocked in MCT 

chambers were inversely related to temperature. To test whether the correlation observed between the 

reduction of clinical signs and the elevation of temperature could be explained by a reduction of viral 

replication, CyHV-3 growth was measured in vitro at different temperatures using recombinant strains 

expressing reporter genes (Fig. S1). Viral growth was efficient at both 24°C and 28°C but was 

significantly higher at the latter temperature. By contrast, viral replication was completely blocked at 

32°C. Collectively, these results indicate that the lower mortality observed at 28°C compared with 

24°C was likely due to an enhancement of anti-viral immune mechanisms rather than an inhibition of 

viral growth, whereas the absence of mortality at 32°C was due to both inhibition of viral growth and 

enhancement of anti-viral immunity. 

  Clinical observation of fish in the MCTs revealed that their migration to the hottest 

compartment only occurred after they developed severe clinical signs. Viral load and carp 

proinflammatory cytokine gene expression confirmed that the onset of behavioral fever observed in 

this experiment at 6 dpi (Fig. 2D) occurred days after systemic replication of the virus (significant at 3 

dpi) and upregulation of proinflammatory cytokines (significant for il1β and tnfα1/α2 at 3 dpi, and for 

all cytokines tested at 5 dpi) (Fig. 2D). The relatively late onset of behavioral fever with respect to 

viral replication and cytokine upregulation led us to postulate that this phenomenon could be delayed 

by the virus to retain its host at a permissive temperature thereby favoring its replication and spreading 

(Fig. 1C). As some herpesviruses have been shown to express soluble decoy cytokine receptors (19, 

20), we hypothesized that CyHV-3 could express such receptor(s) able to neutralize putative pyrogenic 

cytokines produced by the fish (Fig. 1C). According to this hypothesis, the onset of behavioral fever 

would only occur after the concentration of pyrogenic cytokine was sufficiently high to outcompete 

the neutralizing activity of the viral protein. 

Bioinformatic analyses, including homology modeling, were performed on the CyHV-3 

genome to identify viral gene candidates compatible with this model. Based on these analyses, 

ORF12, which encodes a putative soluble Tnfα-receptor (Fig. S2), was selected. The selection of 

ORF12 as a viral gene candidate for this model was also supported by the observation that its 

expression product is the most abundant viral protein in the CyHV-3 secretome (21) and the fact that 

Tnfα is an endogenous pyrogen in endotherms (22-25). Therefore, we hypothesized that Tnfα could 

act as a pyrogenic cytokine in ectotherms, such as in endotherms, and that CyHV-3 could neutralize 

this cytokine and, thus, the behavioral fever response through secretion of a soluble decoy Tnfα-

receptor (Fig. 1C). 



  

 

 

Fig. 3 – Tnfα mediates the expression of behavioral fever. Distribution of fish (n=15) in the compartments of the MCT was analyzed every 30 min 
and expressed as a mean per day + SD. The days at which the number of fish in the 32°C compartment was significantly different between the 
experimental tank and its respective control are indicated according to the level of significance (red asterisks). (A) Tnfα1 mediates the expression of 
behavioral fever. Carp were injected intramuscularly with the indicated plasmids at the dose of 2 and 10 µg/g fish (See also Supplementary Video 3 
recorded on day 6). (B) Anti-Tnfα antibodies neutralize behavioral fever induced by injection of the pTnfα1 plasmid. Carp were injected with the 
pTnfα1 plasmid (10 µg/g fish) and then injected two days later with irrelevant control (CT) (upper graph) or anti-Tnfα (lower graph) antibodies. (C) 
Anti-Tnfα antibodies inhibit the expression of behavioral fever. Carp were infected with CyHV-3 (WT) and then injected three days later with CT 
(upper graph) or anti-Tnfα (lower graph) antibodies. The Ω symbol illustrates fish that died from the infection (See also Supplementary Video 4 
recorded 6 dpi). The results presented in this figure are representative of duplicate experiments.  
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Fig.  S2 – ORF12 structure prediction. Model of ORF12 protein (green) superimposed on the human TNFR2 
structure (cyan) presented in complex with two TNFα molecules (magenta/orange). ORF12 cysteine residues 
involved in disulfide bonding are shown as sticks, cysteine rich domains are indicated as CRD 1-3. 
 
 

To explore this hypothesis, we first tested whether expression of carp Tnfα induces behavioral 

fever. Vectors encoding carp Tnfα1 or Tnfα2 were injected into naïve animals housed in MCTs (Fig. 

3A). Injection of an expression vector encoding carp Tnfα1 (Video 3), but not carp Tnfα2 or the empty 

vector, induced behavioral fever (Fig. 3A). The induction of behavioral fever by the vector encoding 

Tnfα1 was neutralized by injection of anti-Tnfα antibodies but not by injection of irrelevant control 

antibodies (Fig. 3B). These results indicate that Tnfα1 expression is sufficient to induce behavioral 

fever and that the anti-Tnfα antibodies used in this experiment are capable of neutralizing Tnfα in vivo. 

Next, we used these antibodies to determine whether Tnfα is a key mediator of the behavioral 

fever response in CyHV-3 infected carp (Fig. 3C). CyHV-3 infected carp injected with anti-Tnfα 

antibodies migrated to the 28°C but not to the 32°C compartment; consequently, only 73.3% of the 

fish survived. By contrast, infected fish injected with irrelevant antibodies migrated to the 32°C 

compartment, and all survived the infection. These results demonstrate that carp Tnfα is a major 

mediator of behavioral fever in our model and support the hypothesis that CyHV-3 ORF12 acts as a 

decoy receptor for Tnfα, thereby neutralizing the cytokine and delaying the expression of behavioral 

fever in carp. 

To test these hypotheses, a CyHV-3 ORF12 deletion (∆12) mutant and a revertant (12Rev) 

virus (in which ORF12 was restored) were derived from the parental wild-type (WT) strain (Fig. S3). 

The genome structure and the transcription of the ORF12 region in all virus strains were controlled 

(Fig. 4A and B). The three strains replicated comparably in cell culture at 24°C and induced similar 

clinical signs and survival rates in carp housed at 24°C in the SCT (Fig. 4C and D). Therefore, ORF12 

deletion does not exhibit a phenotype under these laboratory experimental conditions. 

To test the hypothesis that ORF12 encodes a soluble Tnfα-receptor, concentrated supernatants 

were produced from cell cultures infected with CyHV-3 WT, ∆12 and 12Rev strains as well as from 

mock-infected cultures. Importantly, silver staining of total supernatant proteins confirmed that 



 

 

 

Fig. 4 – Characterization of CyHV-3 ORF12 recombinant strains. (A) Structural analysis of the genome of 
ORF12 recombinant strains by Sac I restriction and Southern blotting. Marker sizes (MS) are indicated on the 
left. (B) RT-PCR analysis of the ORF12 genome region. On the left, RT-PCR or PCR represent PCR products 
generated when the RT was performed or omitted from the reactions, respectively. On the right, control PCR 
reactions were performed using CyHV-3 DNA as template (Ctrl+) or no template (Ctrl-). (C) Effect of ORF12 
deletion on viral growth in vitro. Replication kinetics of CyHV-3 ORF12 recombinant strains were compared 
with those of the WT strain using a multi-step growth assay at 24°C. The data presented are the means + SD of 
duplicate measurements. (D) Cumulative survival rates of common carp (n=20) mock-infected or infected with 
two different doses of CyHV-3 ORF12 recombinant strains.  



Experimental section: 2nd Chapter 
 

128 
 

ORF12 is the most abundant viral protein in the CyHV-3 secretome (21) (Fig. 5A). To test the ability 

of ORF12 to bind carp Tnfα, proteins of concentrated supernatants were coated on ELISA plates 

before incubation with carp Tnfα1 and Tnfα2 (Fig. 5B). Quantification of Tnfα binding demonstrated  

that WT and 12Rev supernatants contain Tnfα-binding activity in contrast to the ∆12 and 

mock-infected supernatants (Fig. 5B). Next, a bioluminescence reporter assay was used to determine 

whether ORF12 binding to Tnfα could neutralize its ability to activate NF-κB signaling (Fig. 5C). 

When incubated with concentrated supernatants from mock- or CyHV-3 ∆12-infected cells, carp 

Tnfα1 and Tnfα2 similarly induced activation of NF-κB. This activation was completely inhibited 

when the cytokines were pre-incubated with WT or 12Rev supernatants (Fig. 5C). Collectively, these 

data demonstrated that ORF12 encodes a soluble Tnfα-receptor able to neutralize both carp Tnfα1 and 

Tnfα2.    

Finally, we tested whether ORF12 can delay the behavioral fever response. Carp housed in the 

MCT were infected with CyHV-3 ∆12 and 12Rev strains (Fig. 6). The onset of behavioral fever 

occurred at least two days earlier in fish infected with the ∆12 strain compared with fish infected with 

the 12Rev strain (Fig. 6A). None of the fish died from the infection during the course of these 

experiments. However, as fish infected with the ∆12 strain migrated to the hottest compartment earlier 

than those infected with the 12Rev strain, they expressed less severe clinical signs. To verify this 

phenotypic difference between the ∆12 and 12Rev strains (not observed in the SCT at 24°C; Fig. 4D), 

fish were infected with the two viral strains and housed either in the SCT at 24°C or in the MCT (Fig. 

6B). At different post-infection times, viral load was measured. Interestingly, although the two strains 

exhibited comparable replication kinetics in the SCT throughout the course of the experiment and in 

the MCT before expression of behavioral fever, they differed drastically once the fish migrated to the 

32°C compartment of the MCT. As a consequence of their early migration to a non-permissive 

temperature, fish infected with the ∆12 strain showed a faster and more drastic decrease of viral load 

in the gills than those infected with the 12Rev strain. As the viral load in the gills has been shown to 

be correlated with CyHV-3 excretion and CyHV-3 transmission to naïve cohabitant fish (26), these 

results demonstrate that CyHV-3 is able to alter the behavior of its host to favor its replication and 

transmission through the expression of a single gene. 

 In the present study, we used a relevant biological model in which CyHV-3 infects its natural 

host through a natural route. The data obtained highlight the importance of the environment in the 

pathogen-host-environment interplay (27). They also show the role of a cytokine as a mediator of 

behavioral fever in ectotherms and demonstrate the ability of a vertebrate virus to alter the behavior of 

its host through the expression of a single gene. 

  Depending on the environment, CyHV-3 infection can generate mortality rates ranging from 0 

to 100%. In environments that allow the expression of behavioral fever, no mortality was observed. In 



 

 

 

Fig. 5 – CyHV-3 ORF12 is a secreted protein that neutralizes carp Tnfα. (A) Silver staining of total proteins found in 
concentrated supernatants of CCB cells infected with CyHV-3 (WT, ∆12 and 12Rev strains) or mock-infected (Mock). 
Arrowheads indicate the band corresponding to ORF12 protein (expected molecular weight of the secreted form without 
glycosylation is 12.1 kDa). (B) ELISA binding assay of carp Tnfα1 and Tnfα2 to CyHV-3 secreted proteins. The data are 
the mean + SD of duplicate measurements. Results for which a significant difference was observed between WT/12Rev and 
∆12/Mock groups are marked by asterisks. The data are representative of two independent experiments. (C) Neutralization 
of carp Tnfα1 and Tnfα2 by CyHV-3 secreted proteins was tested using a Tnfα bioluminescent reporter assay. The data are 
expressed as fold change of luminescence relative to the respective controls and represent the mean + SD of quadruplicate 
measurements. Results for which a significant difference was observed between pTNFα1 or pTNFα2 and pEmpty are 
marked by asterisks.  These data are representative of three independent experiments. 
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contrast, in some conditions where this behavior cannot be expressed, mortality reached 100%. These 

observations demonstrate that the virulence of pathogens infecting ectotherms can be exacerbated by 

environmental changes that prevent their host from expressing behavioral fever. For example, the 

artificial introduction of an ectothermic species into a new environment where the range of 

temperatures is incompatible with the expression of behavioral fever can turn a benign host-adapted 

virus into a lethal virus. Our study highlights the importance of the environment in the pathogen-host-

environment interplay and identifies a new mechanism through which environmental temperature 

changes contribute to disease emergence. 

A few studies performed on the regulation of behavioral fever in ectotherms at the level of the 

central nervous system have suggested an evolutionary relationship between behavioral fever in 

ectotherms and fever in endotherms. However, whether peripheral cytokine mediators are involved in 

this evolutionary relationship has never been explored. Here, for the first time, we identified the role 

of Tnfα as a key mediator of behavioral fever in an ectotherm. Our results demonstrate that fever in 

endotherms and behavioral fever in ectotherms are evolutionarily and functionally related through 

common cytokine mediators that originated more than 400 million years ago. The results of this study 

suggest that the ancestral signaling pathway of behavioral fever regulation in ectotherms also evolved 

in endotherms to regulate the expression of fever. Our results also support the importance of the 

interplay between the immune system and the central nervous system (28, 29). 

 Viruses are able to manipulate, through the expression of dedicated genes, virtually all 

physiological processes of their host that can affect their replication and transmission. However, there 

are extremely few reports of viral genes that alter host behavior. To the best of our knowledge, there 

are only two such reports and both examined altered host behavior caused by invertebrate viruses. 

Tyrosine phosphatase (30) and ecdysteroid uridine 5’-diphosphatase-glucosyltransferase (31) are 

encoded by baculoviruses and have been shown to increase the locomotory activity and climbing 

behavior of infected caterpillar hosts, respectively. Here, we demonstrated that the CyHV-3 genome 

contains a gene that delays the expression of behavioral fever, demonstrating that this innate immune 

response has been acting as a selection pressure on pathogens throughout evolution. Interestingly, this 

function of the ORF12 gene was only observed under conditions that mimicked temperature gradients 

of natural environments, and no phenotypic expression of the ORF12 gene was observed under 

standard laboratory conditions. These results add a new dimension to environment enrichment for 

laboratory animals. By delaying the migration of infected fish to warmer environments, CyHV-3 

enhances its transmission in two ways. First, it enhances viral replication and excretion by retaining 

infected fish at a permissive temperature. Second, it favors viral transmission by retaining the infected 

fish at the temperature preferred by non-infected fish. ORF12 delays the behavioral fever response 



 

 

 

 

 

Fig. 6 – CyHV-3 ORF12 delays the expression of behavioral fever. (A) Distribution of fish (n=15) in the 
different compartments of the MCT according to time post-infection (days). Black arrowheads indicate the time 
at which fish were infected with 12Rev or ∆12 strains of CyHV-3. The number of fish in each compartment was 
counted every 30 min and expressed as a mean per day + SD. The days at which the number of fish in the 32°C 
compartment were significantly different between the two tanks are indicated according to the level of 
significance (red asterisks). The data are representative of three independent experiments. (B) Kinetics of viral 
load according to time post-infection. Fish housed in the SCT at 24°C and in the MCT were infected with 12Rev 
or ∆12 strains of CyHV-3. At the indicated post-infection times, viral load was measured in gills (6 fish analyzed 
per time point, mean + SD). For each tank system, the results obtained for the 12Rev and ∆12 strains were 
analyzed for significant differences (marked by asterisks).  
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rather than completely inhibiting it. This time-dependent effect of ORF12 likely reflects a selective 

advantage for CyHV-3. As indicated above, by delaying the behavioral fever response, ORF12 

enhances viral spread through a fish population; furthermore, by allowing the fish to finally express 

behavioral fever and, thus, survive the infection, the virus promotes the appearance of latently infected 

fish that will carry and spread the herpesvirus infection throughout their lives (32). 

In conclusion, this study demonstrates the ability of a vertebrate virus to alter the behavior of 

its hosts through the expression of a single gene. Remarkably, this viral gene illustrates the “Central 

Theorem of the Extended Phenotype”: the viral gene promotes its spread through a phenotypical effect 

on an independent biological entity (the infected fish) (33). 
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Materials and Methods 

Cells and viruses 

 Epithelioma papulosum cyprini (EPC) and Cyprinus carpio brain (CCB) cells were cultured as 

described previously (26, 34). Two CyHV-3 recombinant strains described previously were used in the 

present study (35, 36). Both strains were derived from the CyHV-3 FL BAC plasmid and encode a 

reporter gene under control of the HCMV IE promoter. The FL BAC recovered strain (called CyHV-3 

EGFP in the present manuscript) encodes an EGFP expression cassette inserted in the 3’ end of 

ORF55 (35). The FL BAC revertant ORF136 Luc strain (called CyHV-3 Luc in the present 

manuscript) encodes a firefly (Photinus pyralis) luciferase expression cassette inserted between 

ORF136 and ORF137 (36). 

 

Tnfα eukaryotic expression vectors and anti-Tnfα antibodies 

 The previously described eukaryotic expression plasmids pIRES-tnfα1-EGFP and pIRES-tnfα2-

EGFP (hereafter referred to as pTnfα1 and pTnfα2) (34) were used to express carp Tnfα1 and Tnfα2, 

respectively. The empty vector, pIRES-EGFP (34) (hereafter referred to as pEmpty), was used as a 

negative control. These plasmids were used both in vitro (transfection of cell cultures) and in vivo 

(intramuscular injection of carp) as described previously (34). Affinity-purified polyclonal rabbit anti-

carp Tnfα IgG binding to both carp Tnfα1 and Tnfα2 (anti-Tnfα) (34) as well as purified polyclonal 

rabbit irrelevant control IgG (CT) (BD Biosciences) were used in this study.   

 

Homology modeling 

 Homology modeling of CyHV-3 ORF12 (NCBI ID: 131840042) was performed using the 

PHYRE2 server (37) (Fig. S2). Among several models of comparably high quality (confidence over 

99%) based on different Tnf and Tnf-like receptor homologues, we selected a model based on the 

HVEM/TNFRSF14 structure (PDB ID: 1JMA) because it showed the highest score (confidence of 

99.6%, 35% identity) and allowed for disulphide bonding of all cysteine residues of ORF12. A model 

of interaction of ORF12 with Tnfα was created by superimposing the ORF12 model onto the human 

TNFR2/TNFα complex structure (PDB ID: 3ALQ).   



 

 
 

 

Fig. S3 – Production of CyHV-3 ORF12 recombinants. (A) The region of the CyHV-3 genome encoding ORF12 is 
illustrated for wild type (WT), ORF12 Del galK and ORF12 Del genotypes. ORFs are represented by white arrows. Restriction 
Sac I sites and predicted restriction fragments (in kb) are shown. All coordinates correspond to the reference CyHV-3 sequence 
available in GenBank (NC_009127.1). (B) Flow chart of steps performed to produce ORF12 recombinant plasmids and to 
reconstitute virus strains. To simplify the reading of the manuscript, abbreviations of the full names of the recombinants are 
provided (in red), and these abbreviations have been used throughout the manuscript. 
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Production of CyHV-3 ORF12 recombinant strains using BAC cloning and prokaryotic 

recombination technologies 

 The CyHV-3 FL BAC clone was used as the parental plasmid (35). Recombinant plasmids were 

produced using galactokinase (galK) positive/negative selection in bacteria (26, 35) (Fig. S3B). The 

first recombination process (galK positive selection) replaced ORF12 by galK, resulting in the FL 

BAC ORF12 Del galK plasmid. Recombination was achieved using the H1-galK-H2 recombination 

cassette, which consisted of the galK gene flanked by 50 bp sequences of the CyHV-3 genome 

flanking ORF12. This recombination cassette was produced by PCR using the pgalK vector as a 

template and the primers listed in table S1. The second recombination process (galK negative 

selection) removed the galK gene (FL BAC ORF12 Del plasmid) or replaced the galK gene by the 

CyHV-3 wild type ORF12 sequence (FL BAC ORF12 Rev plasmid). The FL BAC ORF12 Del 

plasmid was obtained by recombination with the H1-H2 cassette. This cassette consisted of 50 bp of 

the CyHV-3 genome upstream and downstream of ORF12. The FL BAC ORF12 Rev plasmid was 

produced by recombination with the H1-ORF12-H2 cassette. This cassette was produced by PCR 

using the primers listed in table S1 and CyHV-3 FL DNA as the template. To reconstitute infectious 

virus, the recombinant BAC plasmids were co-transfected with the pGEMT-TK plasmid (molecular 

ratio of 1:75) (35) in CCB cells. Transfection with the pGEMT-TK plasmid induced recombination 

upstream and downstream of the BAC cassette, leading to its complete removal and consequent 

reversion to a wild-type ORF55 locus (FL BAC revertant strains) (35). Plaques negative for enhanced 

green fluorescent protein (EGFP) expression (the BAC cassette encodes an EGFP expression cassette) 

were picked and amplified. 

 

Genetic characterization of CyHV-3 ORF12 recombinants 

 CyHV-3 ORF12 recombinants were characterized by sequencing the regions used to target 

recombination and by combined Sac I restriction fragment length polymorphism (RFLP)-Southern 

blot analyses (Fig. 4A) (26, 35). Probes for Southern blot analyses were produced by PCR using the 

primers listed in table S1 and the CyHV-3 FL genome as the template (35).  

 

Transcriptional analysis by RT-PCR 

 Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen) with on-column DNase 

I digestion. cDNA was synthesized from 1 µg of RNA using the iScript cDNA Synthesis Kit (Bio-

Rad) and random hexamer/oligo(dT) primers. Finally, PCRs were performed with the primers listed in 

table S1. 



 

 
 

Table S1. Primers 
 

 
Primer name Sequence (5’- 3’) 

Coordinates*/ 
Accession 
number 

Synthesis of recombination cassettes 
Cassette name 
H1-galK-H2 ORF12 galK F AGGCTGCACTGCTGCGCACAGTGACGAGTAGACGGTGGGA

GGTCGGTGAACCTGTTGACAATTAATCATCGGCA 

29745-29794 

 ORF12 galK R CTTGTTTTACTATACTCTATCACATCTCCGACTTGATTTCTT

CTCAAACCTCAGCACTGTCCTGCTCCTT 

30231-30182 

H1-ORF12-H2 ORF12 Fw RVT ATGAAGAGTTTGTGTCGAGC 29668-29687 

 ORF12 Rev RVT GGCTACGTATAACTGTCATG 30312-30293 

Synthesis of probes for Southern blot analysis 
Probe name 
CyHV-3 ORF55 ORF55InF AGCGCTACACCGAAGAGTCC 95990-96009 
 ORF55stopR TCACAGGATAGATATGTTACAAG 96516-96494 
CyHV-3 ORF12 Del  ORF12 Int Fw 5’ TCGTAGTCGCCCTGACATCC 29847-29866 
 ORF12 Int Rev 3’ AACTAGACACTCATCATGCGG 30122-30102 
CyHV-3 ORF12 external  ORF12 Fw 5’ GAATTTATATGCAGCGAGTG 29723-29742 
 ORF12 Rev 3’ TATTGTCTGTTTCTGTGCTC 30261-30242 

Transcriptional analysis 
Gene amplified 
CyHV-3 ORF11 ORF11 Fw CAACCCACAACAGCAGTACC 29595-29576 
 ORF11 Rev TTGCCCTGTCTCATCTTGGT 29374-29393 
CyHV-3 ORF12 ORF12 Int Fw 5’ TCGTAGTCGCCCTGACATCC 29847-29866 
 ORF12 Int Rev 3’ AACTAGACACTCATCATGCGG 30122-30102 
CyHV-3 ORF13 ORF13 Fw TGTGAGTCATGACAGTTATACGT 30286-30308 
 ORF13 Rev ATGACTGACTGGACATCGGC 30503-30484 
CyHV-3 ORF55 ORF55 ATG Fw ATGGCTATGCTGGAACTGG 95866-95884 
 ORF55 In Rev GGCGCACCCAGTAGATTATG 96467-96448 
Carp β-actin Actin-Fw ATGTACGTTGCCATCCAGGC M24113 
 Actin-Rev GCACCTGAACCTCTCATTGC  

qPCR analysis for quantification of virus load  
Gene amplified 
CyHV-3 ORF89 KHV-86F GACGCCGGAGACCTTGTG AF411803 
 KHV-163R CGGGTTCTTATTTTTGTCCTTGTT  
 KHV-109P (6FAM) CTTCCTCTGCTCGGCGAGCACG (BHQ1)  
Carp glucokinase CgGluc-162F ACTGCGAGTGGAGACACATGAT AF053332 
 CgGluc-230R TCAGGTGTGGAGCGGACAT  
 CgGluc-185P (6FAM) AAGCCAGTGTCAAAATGCTGCCCACT (BHQ1)  

RT-qPCR analysis for quantification of cytokine expression 
Gene amplified 
Carp 40S 40S-F CCGTGGGTGACATCGTTACA AB012087 
 40S-R TCAGGACATTGAACCTCACTGTCT  
Carp il1β IL-1β-F AAGGAGGCCAGTGGCTCTGT AJ245635 
 IL-1β-R CCTGAAGAAGAGGAGGCTGTCA  

Carp tnfα1 and tnfα2 TNF-α1 and 2-F GCTGTCTGCTTCACGCTCAA 
AJ311800 and 

AJ311801 
 TNF-α1 and 2-R CCTTGGAAGTGACATTTGCTTTT  
Carp il6a IL-6a-F CAGATAGCGGACGGAGGGGC KC858890 
 IL-6a-R GCGGGTCTCTTCGTGTCTT  
Carp il6b IL-6b-F GGCGTATGAAGGAGCGAAGA KC858889 
 IL-6b-R ATCTGACCGATAGAGGAGCG  

*Coordinates based on the reference CyHV-3 genome (Accession number: NC_009127.1) 
Underlined: 50 bp corresponding to the CyHV-3 sequence 
Red: sequence corresponding to galK
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Multi-step growth curves  

 Duplicate cultures of CCB cells were inoculated with CyHV-3 at a multiplicity of infection 

(MOI) of 0.5 plaque forming unit (pfu)/cell. After an incubation period of 2 h at 24°C, cells were 

washed with PBS and overlaid with Dulbecco’s modified essential medium (DMEM, Sigma) 

containing 4.5 g of glucose/L and 10% foetal calf serum (FCS). Supernatants were collected from the 

infected cultures at successive intervals (0, 2, 4, and 6 dpi) and stored at -80°C. The titration of 

infectious viral particles was determined by duplicate plaque assays in CCB cells as described 

previously (21, 36). 

 

Microscopy analysis 

 CCB cells were fixed with PBS containing 4% (w/v) paraformaldehyde for 15 min on ice 

followed by 10 min at room temperature (RT). Confocal microscopy analysis was performed with a 

Nikon A1R hybrid resonant. 

 

Bioluminescent imaging 

 Firefly (Photinus pyralis) luciferase activity in the cell culture was imaged using an “in vivo 

imaging system” (IVIS) (IVIS spectrum, Caliper LifeSciences) (36, 38-40). The culture medium was 

replaced with fresh medium containing D-luciferin (150 µg/ml) (Caliper LifeSciences) 5 min before 

the analysis. Images were acquired using a field of view C, a maximum auto-exposure time of 1 min, a 

binning factor of 4, and an f/stop of 1. ROIs were drawn using Living Image 3.2 software, and the 

average light radiance (p/sec/cm²/sr) was taken as the final measure of the bioluminescence emitted 

over the ROI. 

 

Production of concentrated cell supernatants 

 Cultures of CCB cells were infected with CyHV-3 at a MOI of 0.1 pfu/cell or mock-infected at 

24°C for 2 h. After infection, cells were washed with PBS and overlaid with serum-free DMEM. Cell 

supernatants were collected 72 h post-inoculation and subjected to two cycles of centrifugation at 4°C 

(clarification at 2,000 g for 30 min followed by pelleting of viral particles at 100,000 g for 2 h through 

a 30% sucrose cushion). The supernatants were then concentrated 25-fold by centrifugation (2,000 g, 

50 min, 4°C) through an Amicon Ultra-15 centrifugal filter unit (10K NMWL, Merck Millipore) and 

stored at -80°C until use. Total protein concentration was measured using the Pierce BCA Protein 

Assay kit (ThermoScientific). 
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Tnfα binding assay 

 Binding of carp Tnfα to the CyHV-3 secretome was analyzed by ELISA. ELISA plates (96-

well; Greiner Bio-One) were coated with 5 µg of total protein of concentrated CCB supernatants 

diluted in coating buffer (0.016 M anhydrous sodium carbonate and 0.034 M sodium hydrogen 

carbonate) at pH 9.6 and incubated overnight at 4°C. Plates were washed with washing buffer (0.05% 

Tween in PBS; PBST) then blocked with blocking buffer (3% BSA in PBST) for 1 h at RT. After 

washing, plates were incubated for 1 h at RT with the supernatant of EPC cells, which were previously 

transfected with pTnfα1, pTnfα2 or pEmpty, diluted in 1% BSA in PBST. After extensive washing, 

bound Tnfα was quantified using rabbit anti-Tnfα antibodies (1:500 dilution) and goat anti-rabbit IgG-

HRP (Dako, 1:1000 dilution) (34). 

 

Tnfα bioluminescent reporter assay 

 EPC cells stably transfected with the pNiFty2-Luc plasmid (InvivoGen) (41), hereafter referred 

to as EPC-NFκB-Luc cells, were used to measure Tnfα bioactivity. The supernatants of EPC cells, 

which were previously transfected with pTnfα1 or pTnfα2 or pEmpty (34), were pre-incubated with 

concentrated supernatants of CyHV-3 infected or mock-infected CCB cells (corresponding to 40 µg of 

total protein) for 30 min at RT to allow for ORF12-Tnfα binding. EPC-NFκB-Luc cells were seeded 

into 96-well plates, incubated overnight at 27°C and subsequently stimulated with 50 µl of the pre-

incubated mixtures described above. After incubation for 6 h at 27°C, cells were lyzed using Bright 

glow (Promega), and bioluminescence was measured using a Filter Max F5 Multi-Mode Microplate 

Reader (Molecular Devices). The fold change of luminescence was calculated by dividing the light 

units obtained for each sample by the result obtained for the respective control sample.  

 

Ethics statement 

The experiments, maintenance and care of fish complied with the guidelines of the European 

Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific 

Purposes (CETS n° 123). The animal studies were approved by the local ethics committee of the 

University of Liège, Belgium (Laboratory accreditation No. 1610008, protocol No. 1327). With 

respect to the 3Rs rule, all efforts were made to minimize suffering  (definition of ending points) and 

to reduce the number of animals used. For example, the in vitro and in vivo experiments (Fig. 4 and 5) 

systematically led to comparable results for the CyHV-3 WT and 12Rev strains. Thus, only the latter 

strain was used as a control for subsequent in vivo experiments (Fig. 6). 



 

 
 

Table S2. Temperature recorded in the compartments of MCTs 
 

Figure Tank Virus/antibody/plasmid 
24°C 

compartment 
28°C 

compartment 
32°C 

compartment 

Fig. 1B 
MCT WT then mock-infected 22.6 ± 0.78°C 27.7 ± 0.49°C 33.9 ± 0.55°C 

MCT Mock then WT infected 23.4 ± 0.57°C 27.9 ± 0.41°C 33.9 ± 0.42°C 

Fig. 1C 
MCT WT 22.6 ± 0.78°C 27.7 ± 0.49°C 33.9 ± 0.55°C 

MCT blocked WT 24.6 ± 0.40°C 28.1 ± 0.14°C 32.2 ± 0.25°C 

Fig. 1D MCT WT 24.6 ± 0.32°C 28.1 ± 0.21°C 31.7 ± 0.50°C 

Fig. 3A 
MCT ∆12 23.8 ± 0.35°C 28.2 ± 0.18°C 32.5 ± 0.20°C 

MCT 12Rev 23.6 ± 0.16°C 27.6 ± 0.26°C 32.3 ± 0.24°C 

Fig. 3B 
MCT ∆12 24.8 ± 0.21°C 28.1 ± 0.17°C 32.2 ± 0.23°C 

MCT 12Rev 24.5 ± 0.20°C 27.9 ± 0.17°C 32.3 ± 0.38°C 

Fig. 4A 
MCT WT/ anti-Tnfα 23.8 ± 0.29°C 28.5 ± 0.24°C 33.0 ± 0.27°C 

MCT WT/ CT 23.5 ± 0.22°C 28.2 ± 0.31°C 32.6 ± 0.10°C 

Fig. 4B 

MCT pEmpty (2 µg) 24.1 ± 0.24°C 28.1 ± 0.11°C 31.7 ± 0.07°C 

MCT pEmpty (10 µg) 24.2 ± 0.50°C 27.8 ± 0.30°C 31.6 ± 0.46°C 

MCT pTnfα1 (2 µg) 24.4 ± 0.39°C 27.9 ± 0.29°C 31.4 ± 0.42°C 

MCT pTnfα1 (10 µg) 24.2 ± 0.38°C 28.1 ± 0.37°C 31.7 ± 0.55°C 

MCT pTnfα2 (2 µg) 24.7 ± 0.24°C 28.1 ± 0.23°C 31.6 ± 0.24°C 

MCT pTnfα2 (10 µg) 23.9 ± 0.11°C 27.7 ± 0.10°C 31.6 ± 0.09°C 

Fig. 4C 
MCT pTnfα1 (10 µg)/ anti-Tnfα 23.9 ± 0.25°C 28.0 ± 0.28°C 31.9 ± 0.18°C 

MCT pTnfα1 (10 µg)/ CT 24.0 ± 0.93°C 27.6 ± 0.46°C 32.1 ± 0.61°C 
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Fish 

European common carp (Cyprinus carpio carpio) with an average weight of 10 g were kept in 

180 L tanks at 24°C. Water parameters were checked twice per week. Microbiological, parasitic, and 

clinical examinations of the fish just before the experiments demonstrated that they were healthy. All 

experiments were preceded by an acclimation period of at least 3 weeks. 

 

Tank systems 

 A single chamber tank (SCT) system and a multi-chamber tank (MCT) system were used in this 

study (Fig. 2A). The SCT system consisted of an 80 L single compartment tank (width x depth x 

height: 0.5 x 0.4 x 0.4 m) with a mean constant temperature of approximately 24, 28 or 32°C. The 

MCT system consisted of a 144 L tank (width x depth x height: 1.2 x 0.3 x 0.4 m) subdivided into 

three equal compartments by two thermal insulation rigid panels (6 cm thick and made of 

polyurethane foam). Neighboring compartments were connected by a 0.4 m long transparent tunnel 

with a square cross-section (8 x 8 cm) placed at the bottom of the tank. Each of the three chambers had 

independent aeration and circulation/filtering systems. A thermal gradient (24°C - 28°C - 32°C) was 

established between the three chambers by cooling the first compartment and by increasing heating of 

the second and third compartments. Temperatures in all three compartments were controlled by 

measurements every 30 min. The observed temperatures of the MCTs used for the experiments of this 

manuscript are presented as the mean ± SD in table S2. To simplify reading of the manuscript, the 

theoretical gradient of 24°C - 28°C - 32°C is presented in the manuscript using the color code 

described in the legend of Fig. 2. The MCTs were placed in the experimental room by pairs using a 

central axis of symmetry, with the 32°C compartments being close to this axis and the 24°C 

compartments being furthest from this axis. When repeating the experiments, the positions of the 

experimental groups were systematically swapped between tanks. In the MCTs, daily feeding was 

performed in the 24°C compartment independently of the position of the fish. We observed that fish in 

the other compartments migrated rapidly into the 24°C compartment soon after distribution of the food 

and then returned to their initial location after feeding.    



Experimental section: 2nd Chapter 
 

136 
 

Inoculation and injection of fish 

 For inoculation with CyHV-3, fish were collected from the tank and immersed for 2 h in water 

(volume adapted based on fish weight and fish number to use a biomass of 10%) containing the virus 

under constant aeration. All inoculations were performed at the dose of 100 pfu/ml, except for the 

experiment described in Fig. 4D, for which doses of 40 and 400 pfu/ml were used. At the end of the 

incubation period, the fish were returned to their tank. For antibody and plasmid injections, fish were 

collected from the tank and anaesthetised by immersion in water containing benzocaïne (25 mg/L). 

Antibodies were injected intraperitoneally at a dose of 1 µg/g of fish body weight. Plasmids (2 or 10 

µg/g of fish body weight diluted in PBS) were injected using myojector U-100 insulin 29G syringes 

(Terumo) in the centre of the epaxial muscle mass at the level of the anterior limit of the dorsal fin. 

The dose of plasmid to be administered was delivered by performing one injection of 50 µl in each 

flank of the fish. For the experiments in the MCT, fish were returned to the 24°C compartment after 

inoculation or injection. 

 

Monitoring of fish position in the MCTs 

 Fish were initially introduced into the 24°C chamber of the MCT, in which the tunnels were 

obstructed by grids to prevent fish migration out of the 24°C compartment. After an acclimation 

period of 3 weeks, the grids were removed, and the distribution of fish into the three compartments 

was monitored over time. A digital camera (Logitech HD Webcam c310) placed in front of each MCT 

recorded pictures every 3 min. The number of fish in each chamber was counted manually from the 

pictures recorded every 30 min, resulting in 48 measurements per day. When the positions of the fish 

were not compatible with an accurate count, the measures were made from the previous or the next 

picture (collected 3 min before or after the time point). The results are presented as the mean + SD 

(n=48) of the number of fish observed per day in each compartment.  

 

Sampling of fish tissues 

 Fish were euthanized by immersion in water containing benzocaine (100 mg/L). Tissue samples 

were collected, placed in RNAlater (Invitrogen) and stored at -80°C until further analyses.  

 

Quantification of virus genome copies by qPCR 

 The virus genome was quantified by real-time TaqMan qPCR in gills by amplifying fragments 

of the CyHV-3 ORF89 and carp glucokinase genes as described previously (21, 26). The primers and 

probes are listed in table S1. 
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Quantification of carp gene expression by RT-qPCR 

 Total RNA was isolated from spleens using TRI reagent (Ambion, Invitrogen), including DNase 

I digestion and RNA purification using the RNeasy MinElute Cleanup Kit (Qiagen). cDNA was 

synthesized from 1 µg of RNA using the iScript cDNA Synthesis Kit (Bio-Rad), and the expression of 

analyzed genes was measured by RT-qPCR by amplifying fragments of carp il1β, tnfα1/tnfα2, il6a and 

il6b as described previously (21, 42). The primers used are listed in table S1. Gene expression was 

normalized to the 40S ribosomal protein s11. Normalized data were expressed relative to non-infected 

fish at time point 0. 

 

Statistical analyses 

Most statistical analyses were performed using linear models proposed in SAS (v 9.3). Migration of 

fish to the 32°C compartment of the MCT following CyHV-3 infection (Fig. 2B) was analyzed using 

two-way ANOVA. The number of fish present in this compartment was used as the dependent variable 

and was modeled using a linear model involving time, tank, and their interactions. Post-hoc 

comparisons using least square means were used to compare the number of fish in the 32°C 

compartment of the MCTs every day. The same type of analysis was used to compare the migration of 

fish infected with the ORF12 recombinant strains (Fig. 6A) or injected with plasmids (Fig. 3A), 

antibodies (Fig. 3C), or both (Fig. 3B). For Fig. 3A, a third factor (the dose effect) was added into the 

model, and the corresponding two- and three-way interactions were also included. Differences in virus 

load (data after log transformation) and cytokine expression (data after log transformation) (Fig. 2D) 

between CyHV-3 infected fish collected at different post-infection times and mock-infected fish 

sampled at day 0 were analyzed using a one-way ANOVA. Post-hoc comparisons between days were 

performed using Tukey’s test. These analyses were performed independently for each cytokine. The 

Tnfα binding assay (Fig. 5B), Tnfα neutralization assay (Fig. 5C), virus load (Fig. 6B), IVIS 

experiment (Fig. S1B) and multi-step growth curve (Fig. 4C) were analyzed using two- or three-way 

ANOVA. More precisely, for the binding assay of Tnfα, the level of binding was modeled using a 

linear model involving cell supernatants, Tnfα1 or Tnfα2 volumes as well as their interactions. For the 

neutralization assay of Tnfα biological activity, the fold change of luminescence (ratio of the Tnfα1 or 

Tnfα2 levels respective to the control supernatant level) was modeled using a linear model involving 

cell supernatants, cytokine (Tnfα1, Tnfα2 or control) supernatants, and their interactions. For virus 

load, the viral genome copies (data after log transformation) were modeled using a linear model 

involving virus strains, tanks, and their interactions. For the IVIS experiment, the logarithm of the 

average light radiance was modeled using a linear model involving the post-infection times, incubation 

temperatures, and their interactions. For multi-step growth curve, the logarithm of the titre was 

modeled using a linear model involving the day, viral strains, and their interactions. For the survival 

analyses (Fig. 2C and 4D), a purpose-made permutation procedure was performed in MS Excel. 

Survival curves were compared pairwise. First, the surface between two observed curves was
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measured (observed surface), and the numbers of dead fish observed per day for the two groups to be 

compared were allocated randomly between them using a uniform distribution. This random allocation 

procedure generated pairs of simulated curves, and the surface between these curves was calculated. 

After repeating this procedure 1,000 times, the distribution of surfaces under the null hypothesis of no 

survival difference was approximated using the shuffled surface dataset. For each comparison, the 

p-value was estimated as the proportion of situations in which the surface between the two simulated 

curves was larger than the one actually observed. Statistical significance is represented as follows: -, 

not significant; *, p<0.05; **, p<0.01; ***, p<0.001; and ****, p<0.0001. P-values less than 0.05 were 

considered significant. 
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Supplementary Video legends 

 

Supplementary Video 1 – Video related to Fig. 2B. Common carp express behavioral fever in 

response to CyHV-3 infection. This video starts with an animated cartoon illustrating the structure of 

the MCT used in this study and how the MCTs were positioned in the room along a central axis of 

symmetry (hottest compartments being the closest to the center of the room). The video then presents 

movies of fish that were mock-infected (left and first presented MCT) or infected (right and second 

presented MCT) 7 days earlier with wild-type CyHV-3.   

 

Supplementary Video 2 – Video related to Fig. 2C. Effect of water temperature on the 

development of CyHV-3 disease. This video starts with an animated cartoon illustrating the structure 

of a MCT in which the tunnels were blocked by grids. The video then presents a movie of fish that 

were infected 9 days earlier with wild-type CyHV-3 before their distribution into the compartments of 

the MCT.   

 

Supplementary Video 3 – Video related to Fig. 3A. Tnfα1 mediates the expression of behavioral 

fever. This video starts with an animated cartoon explaining the flow chart of this experiment. Fish 

were injected intramuscularly with a control empty plasmid (pEmpty, left and first presented MCT) or 

with a derived plasmid (pTnfα1, right and second presented MCT) inducing the expression of carp 

Tnfα1 in fish. Movies of the fish were recorded 6 days post-plasmid injection. 

 

Supplementary Video 4 – Video related to Fig. 3C. Anti-Tnf α antibodies inhibit the expression of 

behavioral fever induced by CyHV-3 infection. This video starts with an animated cartoon 

explaining the flow chart of this experiment. Fish were first infected with CyHV-3 and then injected 

three days later with anti-Tnfα antibodies (left and first presented MCT) or irrelevant control 

antibodies (right and second presented MCT). Movies of the fish were recorded at 6 dpi.  
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The Order Herpesvirales classifies an important group of viruses into three families: the 

Herpesviridae family comprising viruses infecting mammals, birds and reptiles; the 

Malacoherpesviridae family comprising viruses infecting molluscs; and finally, the Alloherpesviridae 

family encompassing viruses from fish and amphibians. The separation of the different families is 

thought to have occurred around 500 million years ago (McGeoch et al., 2006; van Beurden & 

Engelsma, 2012). Even if alloherpesviruses share common features (Ackermann, 2004; Pellett et al., 

2011) with the more studied Herpesviridae family members, such as their virion structure, their 

replication cycle (Mettenleiter, 2004) and their ability to establish lifelong persistent/latent infection, 

they also exhibit peculiarities such as the poikilothermic physiology of their host, their wider host 

range and their tendency to cause severe acute infection that can be lethal. All together these features 

of the alloherpesviruses make them an original subject of both fundamental and applied research. 

Cyprinid herpesvirus 3 (CyHV-3), a member of the Alloherpesviridae family, is a highly contagious 

and virulent pathogen which has been inducing severe economic losses in common and koi carp 

industries worldwide since its emergence in the late 1990s. Due to its economic importance, CyHV-3 

became rapidly a subject of applied research after its isolation. However, besides its importance for 

applied research, CyHV-3 possesses several characteristics which make this virus an interesting object 

of fundamental studies.  First, the accumulation of research and knowledge on CyHV-3 far exceeds 

that of any other member of the Alloherpesviridae family making this virus an archetype of this 

family. Moreover, CyHV-3 natural host, the common carp Cyprinus carpio, is a traditional species for 

research on fish immunology. Thereby, the CyHV-3/carp homologous model represents an interesting 

and original field of fundamental research for host-virus interactions (Adamek et al., 2014; Rakus et 

al., 2013). Second, the CyHV-3/carp model is one of the very few laboratory animal models that allow 

the study of the complete infectious cycle of a herpesvirus, including transmission from infected to 

naive subjects (Boutier et al., 2015). Finally, CyHV-3 possesses the largest genome (295 kb, 156 

ORFs) described amongst Herpesvirales with several ORFs predicted to encode for proteins involved 

in immune evasion mechanisms (Aoki et al., 2007; Davison et al., 2013), e.g. ORF4 and ORF12 

encoding Tnf receptor homologs, ORF16 encoding a G protein-coupled receptor homolog, ORF112 

encoding a Zalpha domain-containing protein, ORF134 encoding an Il10 homolog, ORF139 encoding 

a poxvirus B22R protein homolog (Aoki et al., 2007). Altogether, these facts explain the interest of the 

scientific community for the CyHV-3/carp model that allows the study of all aspects of host-pathogen 

interactions. In the present manuscript, we used this model to study the roles of two unrelated innate 

immune mechanisms of carp in anti-CyHV-3 immunity.  

Teleosts develop both innate and adaptive immune responses. The innate immune system is 

the initial line of defense and is of primary importance in combating fish infections (Magnadóttir, 

2006). It recognizes common structures of microorganisms through germline-encoded pattern 

recognition receptors (PRR). Facing an infection, recognition of pathogen-associated molecular 

patterns (PAMPs) by PRR expressed on cell membranes (extra or intracellularly) or in cytoplasm of
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various cell types, i.e. phagocytes, leucocytes, dendritic cells or non-immune cell types, can trigger 

different reactions aiming at pathogen elimination. Beside phagocytosis, cells of the innate immune 

system are also potent producers of cytokines and chemokines notably involved in the regulation of 

adaptive immune response. Different PRR are involved in viral sensing; (i) Several Toll-like receptors 

(TLRs) localized on cell surface (i.e. TLR4 or TLR22) or on cytoplasmic vesicles (i.e. TLR3, TLR7 or 

TLR9) are able to recognize viral envelope components or viral nucleic acids (Pietretti & Wiegertjes, 

2014; Workenhe et al., 2010). These receptors present a cytoplasmic Toll/interleukin-1 receptor 

homology (TIR) domain which, upon ligand activation, interacts with adaptor proteins (MyD88, TRIF, 

MAL, TRAF). These signaling pathways trigger the activation of the transcription nuclear factor-κB 

(NF- κB) or the activator protein-1 (AP-1), both leading to the transcription of proinflammatory 

cytokines. On the other hand, this signaling could activate production of type I interferon (Ifn) through 

activation of Ifn regulatory factors (IRF) 3/7 (Pietretti & Wiegertjes, 2014). A total of 11 TLRs have 

been identified in teleost fish (Workenhe et al., 2010) and even if fish exhibit a diverse repertoire, the 

TLR signaling pathways and functions seem well-conserved with their mammalian orthologs 

(Langevin et al., 2013). (ii) Three retinoic acid inducible protein-I (RIG-I) like helicases (RLHs) are 

described in humans, i.e. retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated 

gene 5 (MDA5), and laboratory of genetics and physiology 2 (LGP2). While RIG-I has been retrieved 

only in some groups of fish including salmonids and cyprinids, LGP2 and MDA5 seem to be 

conserved in all fish species (Langevin et al., 2013). These receptors are cytoplasmic sensors of 

dsRNA and upon ligand binding, their caspase recruitment domain (CARD) interacts with the 

mitochondrial antiviral signaling protein (MAVS, also known as CARDIF, VISA, or IPS-1) which 

induces downstream signaling pathway and activation of NF-κB and IRF3/7 (Langevin et al., 2013; 

Workenhe et al., 2010). The adaptor STING is a transmembrane protein located in the endoplasmic 

reticulum which senses cytoplasmic viral DNA and connects the signaling pathway downstream of 

MAVS leading to IRF3 activation. STING has been identified in fish and plays an important role in 

the RLR/IRF3-dependent signaling (Langevin et al., 2013). Altogether, detection of viral infection by 

PRRs could induce expression of proinflammatory cytokines such as Il1β, Il6 and Tnfα, as well as 

type I Ifn which could transactivate a vast repertoire of Ifn-stimulated genes (ISGs) (Langevin et al., 

2013; Pietretti & Wiegertjes, 2014; Workenhe et al., 2010). Finally, these cytokines are involved both 

in the innate immune defenses against viral infection but also, in the regulation of the subsequent 

adaptive immune response. While innate immune response enables early non-specific pathogen 

detection, adaptive immune response develops later and relies on specific recognition of antigen 

motifs by the mean of two cellular receptors, B cell receptor (BCR) and T cell receptor (TCR). This 

specific response is under several constraints in fish due to their poikilothermic nature, the limited 

antibodies repertoire, i.e. teleosts develop IgM, IgD and IgT/Z antibodies, the limited affinity 

maturation and memory, i.e. absence of isotypic switch, and relatively slow lymphocyte proliferation 

(Reyes-Cerpa et al., 2012; Whyte, 2007; Workenhe et al., 2010). 
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In the first study, we investigated the sensitivity of carp to CyHV-3 infection according to 

their developmental stage, with a special interest on the role of epidermal mucus as an innate immune 

barrier against CyHV-3 entry. An age dependent susceptibility has been described for some 

alloherpesviruses (van Beurden & Engelsma, 2012). In most cases, younger animals are more 

susceptible to diseases. Nevertheless, studies on this age dependent susceptibility are frequently 

restricted to the clinical outcome and do not address virological read-outs. However, investigating the 

viral and/or host basis underlying this age dependent susceptibility is of great importance for the 

control of infectious diseases. Indeed, determining the host factors associated with higher (or lower) 

resistance to the disease would help developing prophylactic tools. Also, determining the sensitivity of 

developmental stages can be essential for the development of safe and efficacious attenuated vaccines. 

CyHV-3 can affect carp at all ages but a higher sensitivity to the disease has been reported for 

younger fish (1-3 months, equivalent to 2.5-6 g) compared to mature fish (1 year, equivalent to 230 g) 

(Michel et al., 2010; Perelberg et al., 2003; Rakus et al., 2013). However, the only study which 

addressed the susceptibility of carp at early stages of development concluded that carp larvae were not 

susceptible to CyHV-3 infection (Ito et al., 2007). Susceptibility of a cell (and by extension of an 

organism) to a viral infection can be defined by two properties, the cell sensitivity (defined as the 

ability to support viral entry) and the cell permissivity (defined as the ability to support viral 

replication) to infection. By investigating the clinical outcome, Ito et al. (2007) suggested a low 

(potentially null) permissivity of carp larvae to infection. However, the sensitivity of carp larvae has 

never been investigated. Moreover, the PCR assay performed on surviving fish is puzzling as it was 

done at 21 or 23 days post-infection (dpi), far later than the clinical signs and mortalities. The 

probability to reveal an abortive infection without viral replication in carp larvae was therefore low.  

In 2008, the host laboratory cloned the CyHV-3 genome as a bacterial artificial chromosome 

(BAC) which allowed production of viral recombinants using prokaryotic mutagenesis (Costes et al., 

2008). Notably, a luciferase (LUC) recombinant strain was produced by inserting the LUC cassette 

between the ORF136 and ORF137 under the control of the human cytomegalovirus (HCMV) 

immediate-early promoter (Costes et al., 2009) thereby leading to expression of the reporter gene even 

in absence of viral replication. Using in vivo imaging system (IVIS), this recombinant allows for 

highly sensitive detection and localization of the viral infection as early as 12 to 24 hours 

post-infection (Costes et al., 2009). 

In the first experimental chapter of this thesis, we revisited the question of the sensitivity of 

carp to CyHV-3 during the early developmental stages using the CyHV-3 LUC recombinant and IVIS 

technology. We showed that carp are sensitive to CyHV-3 infection since hatching as one embryo 

already expressed a positive signal at day 0; the positive signal tends to increase between 24 and 72 

hours post-infection which suggests that infected fish were supporting a replicative infection and so 

are permissive to the infection. Concerning the number of positive individuals, it remains relatively 

low during the first stages of development. A significant number of positive subjects was observed 
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from day 21 (juvenile stage) onwards. At the same time, we measured the mortalities after inoculation 

performed at the different stages of development. The results further support that carp undergo a 

replicative infection, as CyHV-3 infection induces mortalities at all stages of life. As a first 

conclusion, we demonstrated that carp are permissive to CyHV-3 since hatching, even if their 

permissivity tends to increase with development (100% mortalities by day 7 post-infection when fish 

are infected at days 21 and 35 post-hatching).  

The epidermis of adult teleost fish is a living stratified squamous epithelium divided into three 

layers which all contain cells capable of mitotic division. The surface and basal layers are single-cell 

layers composed of keratinocytes and undifferentiated basal cells, respectively. The pluristratified 

intermediate layer is composed of unicellular glands (mucous cells and club cells), ionocytes and 

undifferentiated cells. The scales are dermal structures covered by the epidermis (Roberts & Ellis, 

2012). The epidermis has previously been shown to be the major portal of entry of CyHV-3 when the 

infection is performed by immersion in infectious water (Costes et al., 2009). Compared to adults, the 

epidermis of embryos has a simplified structure consisting of surface and basal layers (single-cell 

layers) interrupted by unicellular glands and ionocytes (Campinho et al., 2007; Chang & Hwang, 

2011). Our study reinforces the role of the skin as a major portal of entry of CyHV-3 in young carp, 

similarly to adults. Indeed, (i) once we performed infections by immersion in water containing the 

LUC recombinant strain, the IVIS positive signal was randomly distributed on the body surface (and 

not preferentially localized around the gills); (ii) the gills are not fully developed at hatching and gas 

exchanges occur through the blood vessels of the yolk sac and the caudal fin in embryos (Huttenhuis, 

2005), excluding virus entry through gills at that stage; (iii) as a side project, I produced during my 

thesis a CyHV-3 recombinant expressing betagalactosidase (CyHV-3 LacZ strain). Infection of larvae 

with this recombinant demonstrated the presence of positive epidermal cells in the skin after X-gal 

staining and histological sections. Despite the robustness and the large number of proofs supporting 

the role of the skin in CyHV-3 entry, some authors claim that the gills (and the gut) could be 

additional portals of entry (Monaghan et al., 2015). As mentioned in the preamble, the completion of 

this thesis gave me the opportunity to work on an applied project aiming to develop a safe and 

efficacious attenuated vaccine against CyHV-3 (Boutier et al., 2015) (see Annex). This project 

provided one additional argument in favor of the entry through the skin. Indeed, the ∆56-57 vaccine 

strain developed presents a slower spread within infected fish compared to wild type strain which 

allows a better discrimination between the portal(s) of entry and the secondary sites of infection. 

Though the skin of all fish was positive as early as 2 days after inoculation with the vaccine LUC 

strain, all of the other tested organs (including gills and gut) were positive in the majority of fish only 

after 6 dpi, suggesting that these organs represent secondary sites of replication. 

The sensitivity of the two earliest stages of development (embryo and larval stages) was 

limited compared to the older stages (juveniles and fingerlings). The sensitivity only increased once 

fish metamorphosed in juveniles, and that was correlated with a lower survival rate of later stages. 
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Several hypotheses could explain the lower sensitivity of the early developmental stages. 

Firstly, teleost fish lay telocithal eggs in which some maternal factors are transmitted passively. Both 

innate and adaptive immune factors are transmitted such as complement factors (e.g. C3), enzymes 

(e.g. serine protease, lysozyme), α macroglobuline, serum amyloid A, lectins and immunoglobulins 

(Ig) (Swain & Nayak, 2009; Zhang et al., 2013). These factors are transferred to immature oocytes 

during vitellogenesis, by active transcytose across follicle cells or incorporated together with the 

vitellogenin (Zhang et al., 2013). Maternal IgM, structurally and antigenically identical to the maternal 

serum IgM, usually persist for a limited duration and are spent within completion of yolk sac 

absorption period (Swain & Nayak, 2009). Besides the protection conferred against surrounding 

infectious agents, maternal immunoglobulins could play a role against vertically transferred 

pathogens, in opsonisation to activate the classic complement pathway, or simply act as nutritional 

yolk proteins (Magnadottir et al., 2005). In our study, we performed duplicate experiments with 

unrelated breeders proved to be free of CyHV-3 making the presence of maternally transferred IgM 

unlikely. On the contrary, Ito et al. (2007) did not mention the serological status of the breeders used, 

this could explain some discrepancies with our study if they used seropositive genitors conferring 

transient humoral protection to the offspring. Secondly, the skin surface correlates with fish size, 

making the main portal of entry for CyHV-3 smaller in young carp compared to adults. Thirdly, 

herpesvirus entry requires several cellular receptors mediating viral binding and entry (Spear & 

Longnecker, 2003). These receptors could be absent or not functional during the first stages of life and 

only develop during ontogenesis. A fourth hypothesis resides in the behavioral characteristics of 

young carp. In adults, several behaviors could increase the transmission of CyHV-3 between 

individuals, i.e. infected fish rubbing themselves against each other or against objects which could 

promote a “skin-to-skin” transmission between infected and naive carp (Boutier et al., 2015; Raj et al., 

2011). Similarly, cannibalism expressed by healthy fish against sick carp could promote the spreading 

of the infection in the carp population (Fournier et al., 2012). These behaviors, even if expressed 

during the earlier developmental stages, remain quite limited until the juvenile stage (Vilizzi & 

Walker, 1999).  Last but not least, our results suggest that the early developmental stages could 

express innate immune mechanisms at a higher or more efficient level than older stages. At the time of 

hatching, fish rely entirely on cellular and humoral components of innate immunity as specific 

adaptive response mature later in life. For example, lymphoid organs (thymus, spleen and head 

kidney) start developing after hatching and antibody responses are only functional later in life, at 1-2 

months, while the presence of antigenic tolerance is reported before (Huttenhuis et al., 2006; 

Huttenhuis, 2005; Li & Leatherland, 2012). Among these innate defenses, physical barriers like the 

skin and notably its mucus layer are on the front line (Vadstein et al., 2013).  

Teleost skin behaves like a mammalian type I mucosal surface; it harbors abundant mucus-

producing cells, lacks keratinization and, living epithelial cells are in direct contact with the water 

environment (Xu et al., 2013b). This mucosal surface in aquatic species is in constant interaction with 
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numerous antigens from pathogenic or commensal microorganisms, called the microbiota (Gomez et 

al., 2013). While commensal colonization brings physiological, metabolic and immunological benefits 

to the host, both pathogenic and commensal microorganisms share microbe-associated molecular 

patterns (MAMPs) recognized by PRR; this stresses the role of regulatory mechanisms (Gomez et al., 

2013). Among the three mucosa-associated lymphoid tissues (MALTs), teleost skin presents the skin-

associated lymphoid tissue (SALT) which encompasses both innate and adaptive components 

(Angeles Esteban, 2012; Gomez et al., 2013; Rombout et al., 2014; Salinas & Miller, 2015). A 

primary innate barrier of the skin is formed by the mucus layer. Mucus confers protection through two 

main mechanisms. First, it is mainly composed of mucins which are highly glycosylated 

glycoproteins, along with other proteins, lipids and ions. Mucus composition determines its 

viscoelasticity, adhesiveness and protective properties (Angeles Esteban, 2012). Altogether, mucus 

represents an effective mechanical barrier that can trap invading pathogens, and slough them off due to 

the constant mucus production and the antero-posterior movement along the fish. These characteristics 

make the mucus a first barrier that can prevent pathogens from reaching epidermal cells. Second, 

mucus contains numerous biologically active proteins with biostatic and biocidal activities, that can 

neutralize pathogens (Ellis, 2001; Fontenot & Neiffer, 2004; Li & Leatherland, 2012; Palaksha et al., 

2008; Shephard, 1994; Subramanian et al., 2008). Notably, skin mucus contains: (i) Enzymes 

(Angeles Esteban, 2012) such as lysozyme which is a bactericidal enzyme, acid and alkaline 

phosphatases which are important lysosomal enzymes, cathepsins, esterases or proteases. These latter 

are categorized according to their catalytic mechanisms into serine (e.g. trypsin), cysteine (e.g. 

cathepsin B and L), aspartic (e.g. cathepsin D), and metalloproteases. These proteases could act 

directly on pathogens or prevent their invasion indirectly by modifying mucus properties (Angeles 

Esteban, 2012). (ii) Complement components (Gomez et al., 2013), i.e. C7, Factors P and D were 

demonstrated at the transcript level in the skin of carp (Gonzalez et al., 2007b), and the expression of 

complement genes has been revealed upregulated in response to mucosal pathogens (Gonzalez et al., 

2007a). The complement system, present in both vertebrates and invertebrates, is responsible in 

mammals for the modulation of the adaptive immune response, the promotion of inflammatory 

reactions, the elimination of apoptotic and necrotic cells, and pathogens destruction. (iii) Lectins are 

also present in fish mucus. They can lead to opsonization or activation of the complement pathway 

(Angeles Esteban, 2012). (iv) Teleost skin mucus is also a major source of antimicrobial peptides 

(AMP) with antibacterial, antiviral and antifungal activities, and these AMP could have important 

applied implications (Angeles Esteban, 2012; Gomez et al., 2013).  For example Marel et al. (2012) 

demonstrated that adding β-glucan to the food of common carp increased the expression of mucin 

(Muc5B) and two β-defensin genes (BD1 and BD2) in the skin (Marel et al., 2012). (v) Finally, 

mucosal secretions also contain components of humoral adaptive immunity, i.e. immunoglobulins 

(Igs) (Angeles Esteban, 2012; Gomez et al., 2013; Rombout et al., 2014). Indeed, diffuse IgM+ and 

IgZ/T+ B cells and plasma cells are scattered in the teleost SALT, without apparent organization such 
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as mammalian MALT lymph nodes or Peyer patches. These leucocytes secrete Igs which are 

transported to the mucus layer via the polymeric Ig receptor (pIgR) (Salinas & Miller, 2015). 

Moreover, rainbow trout IgM+ and IgT+ B cells were shown to have phagocytic and bactericidal 

capacities (Li et al., 2006; Zhang et al., 2010). Comparably to IgA in mammals, IgZ/IgT represents the 

teleost isotype specialized in mucosal immunity, mainly present in mucus secretion as a polymer 

(compared to the monomer found in plasma). Whereas the highest concentration of mucus Ig is IgM, 

the ratio IgM/IgT in mucosal secretion is significantly lower than that found in plasma. Moreover, 

even if both Igs are involved in responses against several pathogens, IgT is the main Ig coating 

bacteria from skin microbiota and following infections, a clear compartmentalization of IgT and IgM 

specific responses in skin mucosa and systemic areas, respectively, is described (Salinas & Miller, 

2015; Xu et al., 2013a). In carp, two IgZ isotypes are described with IgZ2 preferentially in mucosal 

tissues and IgZ1 preferentially associated with systemic organs (Rombout et al., 2014). Underneath 

the mucus, several cellular components classified according to their innate or adaptive belonging are 

described. Among adaptive immune cells, IgM+ and IgT+ B cells have been already described above. 

Noteworthily, IgM+ B cells have been recently shown as the major site of latency for CyHV-3 in carp 

(Eide et al., 2011; Reed et al., 2014). The localization of latently infected B cells in the SALT would 

allow the virus to persist and reactivate near a potential excretion site. Beside the B cells, teleost skin 

also present distinct subpopulations of T-cells like cytotoxic T cells, helper T cells or regulatory T 

cells but their role in mucosal immune responses and the cooperation between B and T cells has not 

been studied extensively yet (Gomez et al., 2013; Rombout et al., 2014). Cellular innate components 

in the epithelial barrier involve (i) the epithelial cells which express PRRs like TLR or nod-like 

receptors (NLR) and directly interact with pathogens or commensals. Moreover, their rapid turnover is 

an effective way of clearing pathogens (Gomez et al., 2013). (ii) Innate immune cells encompass 

macrophages, granulocytes and, mast cells (sometimes referred to eosinophilic granule cells (EGCs)) 

which are tissue-resident cells particularly in proximity to surfaces that interface the external 

environment and were shown to contain AMP (Gomez et al., 2013). Finally, some studies reported the 

characterization of dendritic-like cells in zebrafish and rainbow trout which could play similar role as 

mammalian Langerhans cells (Bassity & Clark, 2012; Lugo-Villarino et al., 2010).  

In 2011, Raj et al. demonstrated that the skin mucus can inhibit the binding of CyHV-3 on 

epidermal cells in vivo and can neutralize CyHV-3 in vitro. Indeed, by applying several physical 

treatments to remove the mucus layer, CyHV-3 entry was significantly increased (Raj et al., 2011). In 

our first experimental chapter, we addressed the hypothesis that the mucus of larvae could act as an 

efficient innate immune barrier. To test this hypothesis, we performed two additional types of 

infection (i) by intraperitoneal (IP) injection of CyHV-3 and, (ii) by immersion of fish in infectious 

water after partial removal of the mucus layer with a swab. Independently of the age at infection, 

removal of the mucus increased significantly virus entry and the sensitivity of larvae reached a level 

comparable to older developmental stages. When fish were infected by IP injection, 100% of the fish 
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were positive for the infection. These results suggest that the lower sensitivity of early stages is 

mainly, but probably not exclusively, explained by a more effective inhibition of the virus binding by 

epidermal mucus. This higher efficiency of the mucus of young carp at inhibiting CyHV-3 binding to 

epidermal cells could be conferred by several complementary mechanisms. (i) The mucus barrier 

could be more uniform on the skin surface because of its lower clearance. Indeed, in adult fish, skin 

mucus acts as the muco-ciliary escalator of the respiratory tract of pulmonate animals, constantly 

moving downstream the fish body and off the trailing edges. Fish behaviors such as swimming, 

rubbing on objects or between each others were shown to increase its removal. As explained earlier, 

such behaviors are quite limited at the beginning of ontogenesis (Vilizzi & Walker, 1999). Moreover, 

the biochemical characteristics such as the mucus viscosity are of major importance in the clearance 

efficiency, but the viscoelasticity properties of young carp mucus need further investigations (Angeles 

Esteban, 2012). (ii) The mucus contains many active innate factors, i.e. enzymes, complement factors 

or lectins, that can neutralize microorganisms and possibly, these biologically substances are 

differentially expressed or more concentrated in larval mucus. Even if technically challenging, it will 

be interesting to identify the biologically active molecules expressed in epidermal mucus at the earliest 

stage that can be possibly studied. The evolution of proteomics is associated with a constant reduction 

of the quantity of protein sample required and a parallel increase of the dynamic range of 

concentrations that can be detected. This technical evolution should facilitate the comparative analysis 

of mucus proteome from adult and early developmental stage.  

Understanding factors influencing the lower sensitivity at early stages of development and 

notably the epidermal mucus, is of great interest both for fundamental and applied research. Mucus 

analysis in young carp, even if collection would be technically challenging (Subramanian et al., 2007), 

could reveal the presence of active molecules able to neutralize the CyHV-3 that are no longer 

expressed or at lower level in adults. Besides its fundamental interest, this knowledge could be useful 

for applied purpose. Indeed, in aquaculture, cost-effective mass vaccination is usually performed by 

bathing fish in water containing attenuated or even inactivated vaccines (Brudeseth et al., 2013).  

Moreover, probiotics (entire or component(s) of a micro-organism which are beneficial to the health of 

the host), prebiotics (non-digestible food ingredient that have beneficial effects on the host by 

selectively stimulating the growth and/or the activity of specific health promoting bacteria) and 

symbiotics (co-administration of probiotic with appropriate prebiotic as substrates) are frequently 

administered in aquaculture in order to treat pathogen-related diseases or as preventive treatments 

(Cerezuela R. et al., 2011). For example, combined administration of galacto-oligosaccharide (GOS) 

and Pediococcus acidilactici in rainbow trout increased significantly the bactericidal activity of trout 

skin mucus and their resistance to streptococcus (Hoseinifar et al., 2015). Determining the mucus 

composition responsible for the greater resistance of carp larvae to CyHV-3 could help in developing 

nutritional or probiotic supply stimulating such innate components and thereby, could help in 
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conferring protection to vaccinated fish. Alternatively, these biologically active molecules could be 

produced as recombinant proteins for biotechnological applications. 

The second experimental section was devoted to the study of a second innate defense 

mechanism, the behavioral fever. Based on their internal temperature state, animals are classified as 

poikilotherms, whose internal temperature are variable and adapt to their external ambient 

temperature, and homeotherms, which regulate their temperature and maintain a thermal homeostasis 

(Prosser & Nelson, 1981). Based on the mechanisms used for increasing their body temperature, 

animals could also be classified as ectotherms, which use mainly environmental heat and behavioral 

thermoregulation, and endotherms, which rely on behavioral and autonomic effector responses such as 

internal heat production and heat conservation mechanisms (Bicego et al., 2007; Prosser & Nelson, 

1981). Most fish species are ectotherms and regulate their temperature primarily through behavioral 

adaptations, which represent a lower metabolic cost (Bicego et al., 2007). Some fish lineages are 

exceptions and express the ability to conserve some metabolic heat and increase the temperature of 

some specific tissues and organs, this capacity is called “regional endothermy” (Bicego et al., 2007; 

Kathryn A. Dickson & Jeffrey B. Graham, 2004). Amongst teleost, regional endothermy was 

demonstrated in tunas and butterfly mackerel (Scombridae family), which warm their aerobic 

swimming musculature, and billfishes (Istiophoridae and Xiphiidae families), which warm the eye and 

brain region through cranial heater tissue specialized in thermogenesis. Even if the source of heat 

varies, all endothermic fish make use of a counter current heat exchanger (retia mirabilia) which 

decreases heat loss to surrounding environmental water by convection and conduction 

(Kathryn A. Dickson & Jeffrey B. Graham, 2004; Wegner et al., 2015). Regional endothermy has 

probably been evolutionarily selected for thermal niche expansion and enhancement of aerobic 

swimming performance (Altringham & Block, 1997; Kathryn A. Dickson & Jeffrey B. Graham, 

2004). Recently, Wegner et al. (2015) reported whole body endothermy in a mesopelagic fish, the 

opah (Lampridae family), allowing it to exploit cold and deep waters while maintaining high 

physiological performance (Wegner et al., 2015). Our model species Cyprinus carpio is a strict 

poikilotherm whose body temperature, as in other ectotherms, reflects the ambient temperature of its 

environment and, based on optimal growth and propagation, its thermal preference is 20-25°C (FAO, 

2015).   

Following an infection, both endotherms and ectotherms are able to increase their body 

temperature. As they lack endogenous thermogenesis, ectotherms do so by moving to warmer places, 

hence the term behavioral fever. Behavioral fever has been described for decades in invertebrates like 

insects (Campbell et al., 2010; Hunt & Charnley, 2011), amphibians (Kluger, 1977), reptiles (Vaughn 

et al., 1974) and fish (Reynolds et al., 1976). Even if behavioral fever has been mostly studied in 

ectothermic species, the behavioral thermoregulation in general is a widespread mechanism also 

present in endotherms (Bicego et al., 2007). Indeed, it represents the most cost-effective response as it 



Discussion and perspectives 
 

153 
 

requires lower energetic demands and can be sustained longer than autonomic response (Cabanac, 

1998).  

Behavioral adaptations of endotherms comprise both operant-conditioned behavior, e.g. 

turning on the heater for humans, and changes in ambient thermal preference similarly to ectotherms, 

e.g. basking in the sun for rewarming in mammals and birds after hibernation or daily torpors. 

(Cabanac & Laberge, 1998; Geiser et al., 2004). In clinical situations, thermoregulatory behavior can 

also play a significant role in endotherms fever production, i.e. some authors reported a significant 

correlation between the magnitude of fever and the magnitude of warm ambient temperature selected 

by rats injected with LPS (Briese, 1997), and may even be crucial in some individuals whose capacity 

for physical thermoregulation is limited (Florez-Duquet et al., 2001). For example, neonates have 

inadequate heat-producing and heat-conserving mechanisms so that they are not able to respond 

efficiently to thermal stresses. In that context, Satinoff et al. (1976) demonstrated that newborn rabbits 

injected with a pyrogen cannot develop fever if they rely solely on internal thermoregulatory 

mechanisms while they were able to do so behaviorally by selecting a higher environmental 

temperature in a gradient apparatus (Satinoff et al., 1976). Similarly, old rats injected with LPS only 

developed fever if they were allowed to thermoregulate behaviorally in a thermal gradient (Florez-

Duquet et al., 2001). Our own personal experience of fever reminds us lying in bed under thick 

blankets, with heaters at maximum, all these behaviors helping to increase body temperature while 

reducing energetic costs inherent to thermogenesis. Altogether, the behavioral part of fever in 

endotherms should not be neglected and its similarity with behavioral fever of ectotherms suggests 

that their mechanisms could have been conserved throughout evolution. 

In the CyHV-3/carp homologous model in which CyHV-3 infects its natural host Cyprinus 

carpio through a natural route of infection, preliminary observation of behavioral thermoregulation 

was made in experimental single chamber tanks (SCT), when infected carp tended to concentrate 

around the heater when it was running. This observation led us to consider that this behavior could 

represent the expression of behavioral fever. We first investigated whether CyHV-3 infection induces 

behavioral fever in carp. For that purpose, we built multi-chamber tank (MCT) systems with three 

compartments in which a temperature gradient was established. Carp were allowed to move freely 

between the three compartments according to their thermal preference. With this system, we showed 

that carp infected with CyHV-3 tended to migrate to the hotest compartment with a peak around days 

6 to 9 post-infection. Notably, this behavior was salutary as none of the carp infected in MCT died 

from the infection. We confirmed this beneficial effect of behavioral fever by infecting groups of carp 

in the three blocked compartments of a MCT compared with infection in different SCTs at the three 

corresponding temperatures. Whatever the tank, infections at 32°C did not induce any mortality, and 

on contrary, mortality rates increased as temperature decreased. Compared to SCTs, mortalities in the 

blocked compartments of MCTs were lower, probably due to the temperature gradient near the gridded 

tunnels.
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CyHV-3 replication is blocked in vitro at temperatures above 30°C and in vivo, outbreaks only 

occur when water temperatures are between 18°C and 28°C (Michel et al., 2010). We confirmed this 

observation by infecting CCB cells at different temperatures with CyHV-3 recombinant strains 

expressing either EGFP or LUC reporter genes. We demonstrated that viral replication was efficient at 

both 24°C and 28°C but completely blocked at 32°C. Surprisingly, while mortalities of infected carp at 

28°C were systematically lower than at 24°C in vivo, viral replication in vitro was higher at 28°C than 

24°C. This apparent paradox between the in vitro and in vivo results could reveal either that the 

enhanced viral replication observed at 28°C in vitro does not perfectly reflect the in vivo situation or 

that the in vivo lower mortalities illustrate a positive balance, in favor of the host, between an 

enhancement of host immune response and a higher viral replication.  

This adaptive value of fever as a beneficial reaction to an infection is well-known and explains 

its evolutionary conservation in endothermic species, i.e. the survival benefit conferred to the host 

exceeds the metabolic cost of elevating its temperature (Kluger, 1986; Kluger et al., 1975). The 

improvement of host fitness could be explained by two factors. First, the raise of body temperature 

enhances immune system efficiency by promoting both innate, e.g. increase of the neutrophils 

recruitment with elevated respiratory burst and increased phagocytic potential of macrophages and 

dendritic cells, and adaptive immunity, e.g. higher rate of lymphocytes trafficking through lymphoid 

organs (Evans et al., 2015). In ectotherms, as body temperature varies according to the ambient 

environment, immune responses must be functional over a wide range of temperatures. Nevertheless, 

lower environmental temperature was shown to affect negatively both cellular and humoral specific 

immune responses (Bly & Clem, 1992; Le Morvan et al., 1998). In carp, temperature below the limit 

of 14°C was shown to be immunologically non-permissive for adaptive responses (Avtalion, 1969). 

Second, the increase of host temperature could decrease or inhibit pathogens replication (Anderson et 

al., 2013; Fisher & Hajek, 2014). The survival value of fever has already been shown in ectotherms 

(Elliot et al., 2002; Kluger et al., 1975) among which several fish species. For example, fever 

significantly increases survival of goldfish Carassius auratus injected with live Aeromonas hydrophila 

(Covert & Reynolds, 1977), and zebrafish Danio rerio infected with the spring viraemia of carp virus 

(SVCV) do not exhibit any clinical signs of infection if they are allowed to express behavioral fever in 

contrast to fish held under constant conditions (Boltaña et al., 2013). However, none of these studies 

relied on a relevant biological model due to the use of artificial route of infection or a non natural 

infection model. 

Study of signaling pathways of behavioral fever in ectotherms suggested a functional and 

evolutionary relationship with fever in endotherms. Firstly, the role of many different exogenous 

pyrogens has been shown in ectothermic species (Cabanac & Laberge, 1998; Stahlschmidt & Adamo, 

2013; Żbikowska et al., 2013). As an example, Reynolds et al. (1978) induced a febrile response in 

goldfish through intraperitoneal injection of Escherichia coli endotoxin (Reynolds et al., 1978). 

Secondly, performing discrete electrolytic lesions in the hypothalamic preoptic area (POA) abolished 
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the development of behavioral fever, showing that this particular region of the brain is, similarly to 

endotherms, the integration site of ectotherms for pyrogenic signal (Bicego & Branco, 2002; Nelson & 

Prosser, 1979). Thirdly, while PGE1 injections were shown to induce febrile behavior in several 

ectotherms (Cabanac & Le Guelte, 1980; Casterlin & Reynolds, 1978; Hutchison & Erskine, 1981; 

Myhre et al., 1977), the injection of indomethacin, a COX inhibitor, was shown to impair the 

behavioral fever in toads (Bicego et al., 2002), both observations demonstrating the role of 

prostaglandins as effector mediators of behavioral fever.  

Even if some main steps in the induction pathway are conserved between behavioral fever in 

ectotherms and fever in endotherms, evolutionary relationship has never been demonstrated for their 

peripheral cytokine mediators and our study is the first to identify Tnfα as an endogenous pyrogen in 

ectotherms. We showed that Tnfα1 plasmid injection induced the migration to the 32°C compartment 

in a dose-dependent manner. This demonstrates that Tnfα1 is a sufficient mediator of behavioral fever 

in common carp. On the other hand, the injection of carp anti-Tnfα antibodies to CyHV-3 infected fish 

blocked partially the expression of behavioral fever. This demonstrates that Tnfα is an essential 

mediator of behavioral fever in the infectious model used. Our study proves that behavioral fever in 

ectotherms and fever in endotherms share an evolutionarily and functionally related peripheral 

mediator, which originated more than 400 million years ago. Besides Tnfα, several other cytokines are 

recognized as predominant pyrogens in endotherms, notably Il1β, Il6 and interferons (Roth & Blatteis, 

2014). These cytokines have been shown to act in a cascade mode. Cells of the innate immune system 

produce Tnfα and Il1β when detecting some PAMPs. Tnfα induces the expression of both Il1β and Il6; 

Il1β induces the expression of Il6; and finally the Il6 produced induces the expression of PGE2 leading 

to fever. We observed that the infection of carp by CyHV-3 leads to the overexpression of Tnfα, Il1β 

and Il6 before the onset of behavioral fever supporting the hypothesis that these three cytokines could 

form a cascade of endogenous pyrogens in ectotherms like described in endotherms (which would 

further demonstrate the evolutionary relationship between behavioral fever of ectotherms and fever of 

endotherms). 

 During their evolution, vertebrates underwent several rounds (R) of whole genome duplication 

(WGD) events (Wiens & Glenney, 2011).  The timing of 1R is thought to be at the base of the node 

leading to all vertebrates while 2R may have occurred either before or after the divergence of jawless 

and jawed vertebrates. Then, teleosts (a group of ray-finned fish) have also undergone a fish-specific 

WGD (FSGD) early in the basal lineage (3R) and another more recently in the salmonids and some 

cyprinids (4R) (Fillatreau et al., 2013; Santini et al., 2009; Wiens & Glenney, 2011). These genome 

duplication events led to polyploidization in teleosts and resulted in the presence of different 

paralogous genes for several mammalian cytokine genes. The stable retention of these cytokine 

isoforms throughout evolution suggests they could have divergent functions via subfunctionalization, 

neofunctionalization, or both (Fillatreau et al., 2013; Hong et al., 2013). Notably, different isoforms 

exist for the putative endogenous pyrogens orthologs in fish. (i) Tnfα is a proinflammatory cytokine 
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inducing various cell responses including proliferation, differentiation, necrosis, apoptosis and other 

cytokines expression, e.g. Il1β and Il6. Depending on the cellular context and the responding receptor, 

Tnfα can induce either NF-κB mediated survival and proinflammatory pathway, or apoptosis 

(Forlenza et al., 2009). In teleost fish, two types of Tnfα exist and are supposed to have emerged from 

the FSGD. Among the nine fish species that possess more than one Tnfα gene, common carp is the 

only species to have its three Tnfα molecules in the same clade (Hong et al., 2013). Forlenza et al 

(2009) demonstrated that Tnfα in carp primes but does not directly activate phagocytes and only 

promotes phagocytes activation indirectly, via stimulation of endothelial cells. Indeed, carp Tnfα 

directly stimulated the expression of proinflammatory cytokines, chemokines, and adhesion molecules 

in endothelial cells but not in phagocytes. On the other hand, supernatants from Tnfα-treated 

endothelial cells were able to promote leukocyte migration and respiratory burst activity and Tnfα-

primed phagocytes responded faster to endothelial cell supernatants (Forlenza et al., 2009). Between 

the isoforms of carp Tnfα, the most obvious difference is at the transcription level where Tnfα2 is 

expressed constitutively at very low levels but could be upregulated to a greater extent than Tnfα1. 

Moreover, Tnfα2 was a more potent inducer both in vitro and in vivo (Forlenza et al., 2009). (ii) Il1β is 

a member of the Il1 family and is one of the earliest expressed proinflammatory cytokine. It is mainly 

produced by blood monocytes and tissue macrophages and is a major initiator of inflammatory and 

immune responses, i.e. activation of T and B cells, activation of NK cells, and stimulation of 

macrophages to secrete proinflammatory mediators (e.g. Il6) (Hong et al., 2001; Reyes-Cerpa et al., 

2012). It is produced in an inactive pro-Il1β precursor that remains cytosolic and needs to be cleaved 

by the Il1β converting enzyme (ICE) (encompassing the proinflammatory protease caspase-1) to 

become biologically active (Hong et al., 2001; Lopez-Castejon & Brough, 2011). Il1β homologs have 

been described and sequenced in several fish species including carp (Fujiki et al., 2000; Hong et al., 

2001); however sequence alignment of fish genes didn’t revealed the aspartic acid residue specific for 

the ICE cutting site (Reyes-Cerpa et al., 2012). (iii) Il6 is a member of the Il6 family and is produced 

by different cell types including T lymphocytes, macrophages, fibroblasts, neurons, endothelial and 

glial cells (Reyes-Cerpa et al., 2012). Il6 stimulates target cells via a membrane bound Il6 receptor 

(Il6R) which, upon ligand binding, associates with the signaling receptor protein gp130. While this 

gp130 receptor is ubiquitously expressed on all cell types, the membrane-bound Il6R is only expressed 

by few cells; cells that don’t express such mIl6R then respond to a complex of Il6 and naturally 

occurring soluble Il6R (Scheller et al., 2011). Il6 has been implicated in the control of Ig production, 

lymphocyte and monocyte differentiation, chemokine secretion and migration of leucocytes to 

inflammation sites. Moreover, while Il6 can stimulate itself expression in an autocrine or paracrine 

manner, it can significantly downregulate Tnfα and Il1β expression (Reyes-Cerpa et al., 2012). (iv) 

Fish virus-induced Ifns could be classified in two groups according to the number of cysteine residues 

predicted to be engaged in disulfide bridges: two for Ifns of group I and four for Ifns of group II; both 

groups present characteristic type I Ifn architecture, nevertheless they signal via two distinct receptors 
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(Langevin et al., 2013). Fish also possess clear orthologs of mammalian type II Ifns (γ) but as Ifnγ are 

not always induced by viral infections under conditions where type I Ifns are, they are probably not 

specialized antiviral cytokines. Fish Ifns are generally expressed by discrete, scattered cell populations 

either in an “Ifnβ” pattern, by fibroblasts and other tissue cells that may be direct targets of the viruses, 

or in an “Ifnα” fashion by more specialized immune cells. Once Ifns bind to their membrane receptors, 

this binding activates the JAK-STAT signaling pathway and induces a vast repertoire of ISGs, some of 

them exerting a direct antiviral activity, e.g. MX, VIPERIN or PKR (Langevin et al., 2013; Reyes-

Cerpa et al., 2012).  

 Interestingly, several authors showed that the activation of defensive genes in plants by 

pathogen and herbivore attacks, or by other mechanical wounding, can result from the action of a 

variety of signaling molecules which could be transported in the atmosphere (Baldwin & Schultz, 

1983; Farmer & Ryan, 1990). For example, Farmer et al. showed that when they applied methyl 

jasmonate, a common plant secondary compound, to surfaces of tomato plants, it induces the synthesis 

of defensive proteinase inhibitor proteins in the treated plants as well as in nearby non-treated plants. 

They also demonstrate this interplant communication from leaves of one species of plant to leaves of 

another species to activate the expression of defensive genes (Farmer & Ryan, 1990). In the context of 

CyHV-3 infection in carp, it would be interesting to investigate whether the production of antiviral 

interferon response in infected fish could induce a similar antiviral state in cohabitant fish before their 

own infection. This “interfish” communication through interferon mediator transported in water 

environment, would represent a danger signal warning naive fish to raise its defenses against potential 

viral aggressors.  However, the epidemic outbreaks of CyHV-3 disease do not support this interesting 

hypothesis. 

A perspective of the study performed in this thesis would consist to investigate whether the 

homology existing between the cytokine signaling pathways of behavioral fever in ectotherms and 

fever in endotherms extends to other cytokines than Tnfα. This hypothesis could be tested using 

functional approaches combining both “gain of function” and “loss of function” as we did to identify 

the role of Tnfα as a key mediator of behavioral fever in carp. The “gain of function” approach will 

consist to test each of the three cytokines (including paralogous sequences) for its ability to induce 

expression of behavioral fever (migration of fish to the warmer compartment of the MCTs). Empty 

plasmid and plasmid encoding Tnfα1 will be used as negative and positive control (induction of 

behavioral fever), respectively. These experiments will tell us whether the three cytokines tested are 

endogenous pyrogens in ectotherms like their orthologs in endotherms. The “loss of function” 

approach will consist to neutralize the three cytokines in vivo through injection of neutralizing 

antibodies and to determine whether or not this treatment affects the expression of behavioral fever. 

The “loss of function” approach using these antibodies will be used in two types of experiments 

aiming to answer two types of questions. Firstly, they will be used to determine the role of each of the 

three cytokines in the expression of behavioral fever induced by CyHV-3 infection. Secondly, they 
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will also be exploited to determine the position of each cytokine in the cascade of endogenous 

pyrogens. This question will require the combination of the “gain of function” and “loss of function” 

approaches, and will consist to inject naive fish with expression vector encoding paralogous cytokines 

shown to induce behavioral fever expression and determine whether injection of antibodies raised 

against another cytokine is able to block the phenomenon. 

An emerging scientific field consists to study the interactions and reciprocal regulation 

between the innate immune system and the central nervous system (CNS) (Irwin & Cole, 2011). On 

one hand, CNS activation of the hypothalamic-pituitary-adrenal (HPA) axis and sympathic nervous 

system (SNS) can regulate transcription of proinflammatory (such as Il1β, Il6 or Tnf) and antiviral 

genes (such as Ifn); while HPA axis inhibits both, SNS suppresses antiviral genes transcription but 

stimulates the proinflammatory genes. On the other hand, proinflammatory cytokines could modulate 

activities of several neurotransmitters within the brain such as noradrenaline, dopamine and 

serotonine, and induce behavioral changes (Irwin & Cole, 2011). An increasing number of evidences 

suggest a role of cytokines as common mediators of altered CNS function during inflammatory states 

induced by bacterial and viral infections in the brain or the periphery (Galic et al., 2012); any increase 

in peripheral proinflammatory cytokines causes a “mirror” inflammatory response with upregulation 

of cytokines in the CNS. Notably, this was shown to affect neuronal excitability and increase seizure 

susceptibility. Elevation within the brain of Tnfα due to peripheral inflammation increased excitability 

in a Tnfα-dependent manner and intracerebroventricular injection of Tnfα alone into the brain was 

able to enhance seizure susceptibility in healthy animals (Riazi et al., 2008). In our experiments, 

Tnfα1-injected fish appear more nervous which could be interpreted as an increased neuronal 

excitability (see video 3). In addition, increased concentrations of proinflammatory cytokines were 

associated with fatigue, sleepiness and depression in humans; pharmacological antagonism of Tnfα 

has been shown to reduce depressive symptoms (Tyring et al., 2006). As a conclusion, peripheral 

innate immune responses can influence CNS functions and behavioral processes (Irwin & Cole, 2011), 

and our results also support the importance of the interplay existing between the immune system and 

the CNS. 

Tnfα is a key mediator of behavioral fever in a teleost species. However, CyHV-3 infected 

carp only expressed behavioral fever and started to migrate to the 32°C compartment at a late stage of 

the disease, when they exhibited already severe clinical signs and significant increases of viral load 

and proinflammatory cytokines expression. This observation let us postulate that the virus could be 

able to delay this salutary behavior. Noteworthily, we explained above that viral infection stimulates 

the production of various cytokines and chemokines that have crucial roles in antiviral defense and 

immune regulation. In this regard, viruses have evolved many strategies targeting these cytokine 

mediators and notably, large DNA viruses, e.g. poxviruses and herpesviruses, encode proteins that 

mimic cytokines (virokines) or cytokine receptors (viroceptors) (Alcami, 2003). For example, the 

Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes a viral Il6 homolog (Jones et al., 1999) and 
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vaccinia virus has been shown to inhibit fever in mice through expression of a soluble Il1β receptor 

(Alcami & Smith, 1996). Tnfα is a potent pleiotropic inflammatory cytokine which can induce various 

cellular responses from apoptosis to inflammatory genes expression, and both Tnfα-induced signals 

can contribute to host defenses against pathogens (Walczak, 2011). Because of this important role in 

inflammation and immune response, the Tnf superfamily has been exerting a selection pressure on 

viruses which developed strategies, targeting virtually every step of Tnf signaling (Benedict, 2003; 

Rahman & McFadden, 2006; Sedy et al., 2008). (i) Some viruses interact directly with the Tnf ligand, 

notably by producing viral decoy receptors that could bind the cytokine and prevent by competition its 

binding to cellular Tnf receptor. Best studied examples are poxviruses as most of them have been 

shown to encode at least one active Tnf-binding protein (Alejo et al., 2011; Seet et al., 2003). (ii) 

Some viruses modulate the expression of cellular Tnf receptor and associated factors. For example, 

Epstein-Barr virus (EBV) protein BZLF1 downregulates TNFR1 promoter activity and so, TNFR1 

transcription (Morrison et al., 2004). (iii) Other viruses block the caspase activation (Wolf & Green, 

1999), and some well-characterized examples are the induction of expression of cellular 

FLICE/caspase-8 inhibitory proteins (FLIP) by herpes simplex virus 1 (HSV-1) (Medici et al., 2003) 

or the production of a viral FLIP by KSHV (Thome et al., 1997). (iv) Some viruses target the 

mitochondria and impair the mitochondrion-dependent cell death pathway (Wajant et al., 2003). For 

example, KHSV produces a viral Bcl-2 homolog that can inhibit apoptosis through interaction with 

Bax and Bak (Sarid et al., 1997). (v) Finally, many viruses modulate NF-κB pathway which is the 

proinflammatory and antiapoptotic Tnf-mediated pathway. For example, by activating NF-κB and 

upregulating antiapoptotic proteins, the protein gD of HSV-1 inhibits apoptosis (Medici et al., 2003). 

Through bioinformatics analysis including modelling, we predicted that ORF12 encodes for a soluble 

Tnfα receptor and proposed that the expression of this putative viral decoy receptor could neutralize 

the Tnfα-mediated behavioral fever. 

In our study, we demonstrate that the predicted TNFR homolog encoded by CyHV-3 ORF12 

is able to bind and neutralize Tnfα which classifies CyHV-3 in the first category described above and 

encompassing viruses interacting with the Tnf ligand by production of decoy receptors. To challenge 

our hypothesis that CyHV-3 could delay the expression of behavioral fever in common carp through 

neutralization of a key endogenous pyrogen Tnfα, we produced an ORF12 deleted and derived 

revertant strain. While we could not observe any differences when infections were performed in SCTs, 

we showed that fish infected in MCT with the ORF12 deleted virus migrated significantly earlier than 

fish infected with the ORF12 revertant virus which confirmed our working hypothesis. As a 

consequence of their earlier migration, fish infected with the ORF12 deleted strain exhibited less 

severe clinical signs coupled with a faster and more drastic decrease of viral load. Altogether, these 

results demonstrate that CyHV-3 acquired a gene that delays the expression of behavioral fever, 

demonstrating that this innate immune response has been acting as a selection pressure on this 

pathogen throughout evolution. Interestingly, the ORF12 gene revealed a function only in conditions 
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mimicking temperature gradients consistent with natural environments but had no phenotype under 

standard laboratory conditions. This result adds a new dimension to environment enrichment for 

laboratory animals. Our study strongly supports the concept that environment enrichment for 

laboratory animals may be essential for clarifying the function of numerous viral and cellular genes 

that do not show a phenotype under standard laboratory conditions. 

In addition to ORF12, the CyHV-3 encodes for other potential immune evasion mechanisms, 

notably ORF134 encoding an Il10 homolog and ORF4 encoding another member of the TNFR family. 

Il10 is generally described as an immunosuppressive cytokine that could inhibit expression of a large 

number of cytokines as, for example, Tnfα, Ifnγ, Il1β, Il2, Il3, Il6, and MHC class I (de Waal et al., 

1991; Fiorentino et al., 1991). While the role of vIl10 has been demonstrated for example in the 

pathogenesis of the cytomegalovirus (Chang & Barry, 2010; Ouyang et al., 2013), Ouyang et al. 

(2013) demonstrated that the Il10 homolog encoded by ORF134 is essential neither for replication in 

vitro nor for virulence in vivo (Ouyang et al., 2013). Similarly, some preliminary data from our lab 

tend to show that an ORF4 deleted strain and the derived revertant do not exhibit differences in their 

phenotype when infections are performed in SCT at 24°C (data not shown). However, the expression 

product of these two genes could play a role in the viral dysregulation of the behavioral fever 

response: the Il10 homolog by downregulating the expression of Tnfα and ORF4 through a still 

unidentified possible mechanism. In regard to this context, it would be interesting to test the different 

recombinant strains for ORF134 and ORF4, in an enriched environment where a temperature gradient 

exists and allows fish to express behavioral fever. This experiment could, as in the case of ORF12, 

reveal a phenotypic difference that was not detected in standard experimental conditions.    

Overall, our study emphasizes the tripartite interplay between pathogen, host and environment 

(Engering et al., 2013). The underlying causal factors of disease emergence could be categorized by 

their impact on each component of this triangle. (i) A pathogen could emerge by transmission from a 

reservoir into a novel host species, which is called spill-over. In human, this concerns notably the 

reported zoonoses but it has also been described for several emerging diseases in various species 

(Woolhouse et al., 2005). For example, a chytrid fungus recently introduced in Europe induced a 

novel form of chytridiomycosis and a rapid decline in the population of European salamanders. This 

fungus, likely originating from a reservoir salamander species in Asia, was probably introduced 

through human and animal traffic into naive European amphibian populations (Martel et al., 2014). (ii) 

A pathogen could develop novel traits, whereby inducing outbreaks within the same host species, by 

mutations increasing its virulence or acquisition of antibiotic/antiviral resistance. For example, a high 

polymorphism (HPR)-deleted or HPR0 variant of infectious salmon anaemia virus (ISAV; 

Orthomyxoviridae family) emerged in populations of farmed Atlantic salmon (Salmo salar) in Norway 

and was recently notified to the World Organisation for Animal Health (OIE) (OIE, 2015). (iii) A 

disease complex could emerge in a novel geographic area, so-called “geographic expanders” due to 

changes in landscapes or “geographic jumps”, which are usually governed by chance. Arboviruses 
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(arthropod-borne viruses) are great example of geographic expanders (Jimenez-Clavero, 2012) as 

global warming allows their vectors to encroach regions neighboring their actual distribution. On the 

other hand, the chytrid fungus described above (Martel et al., 2014), possibly represents a 

geographical jump (Engering et al., 2013). The results of this thesis suggest a new mechanism through 

which environmental temperature changes can contribute to disease emergence. Our data demonstrate 

that while an infection can be benign in conditions where the environment is compatible with the 

expression of behavioral fever, it can cause a high mortality rate when the environment does not allow 

the expression of this behavior. This finding has important ecological implications and should be taken 

into account when considering for example modifications of natural habitats, introduction of 

ectotherms in new biotopes and environmental conditions in aquaculture systems. 

The point described above suggests that CyHV-3 disease could be the consequence of the 

artificial migration of CyHV-3/carp to environment where the host could not express salutary 

behavioral fever. The origin of the current distribution of common carp is doubtful. It is well-known 

that domestication of common carp created many different strains, crossbreeds and hybrids that are 

now somehow spread over the world in both cultured and wild populations (Chistiakov & Voronova, 

2009). However, this widespread repartition of common carp is relatively ancient compared to the 

recent emergence of CyHV-3. This supports the hypothesis that the couple CyHV-3/carp could have 

been adapted in a particular region of the world where behavioral fever is possible during most 

seasons compatible with CyHV-3 disease. This adaptation could have been disrupted by recent 

movement of infected carp to regions where the behavioral fever for resident carp is impossible during 

part of the year. Notably, it is well-known that CyHV-3 is a seasonal disease, more frequently 

occurring during spring and autumn in temperate regions (Rakus et al., 2013). Usually, this has been 

attributed to the temperature restriction of the viral replication. Our study suggests that this seasonal 

characteristic of CyHV-3 disease is also the consequence of the (in-)ability of common carp to express 

behavioral fever when facing infection. 

Besides the importance of environment in regards to pathogen-host-environment interplay, 

viruses have developed mechanisms that interfere with almost all physiological processes of their host 

to increase their replication and transmission (Janeway et al., 2001). In this study, we observed a virus 

able to modify the behavior of its host and we clarified the underlying mechanism. There are many 

reports on pathogens inducing changes in their host’s behavior to increase their fitness (Brodeur & Mc 

Neil, 1989; Goulson, 1997; Kamita et al., 2005; Poulin, 1995; van Houte et al., 2013). Most of them 

concern parasites modifying the behavior of their arthropod vector or vertebrate host in vector-borne 

diseases (Lefèvre & Thomas, 2008). For example, Plasmodium mexicanum has evolved mechanisms 

to manipulate temperature preference of its host; indeed, infected sand flies are attracted by higher 

temperatures than uninfected ones, which are optimal for rapid parasite development but sub-optimal 

for sand flies eggs development (Fialho & Schall, 1995). The CyHV-3 that delays behavioral fever in 

its natural host, common carp, through expression of a single gene is really an original finding for two 
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main reasons. First, examples of viruses altering the behavior of their vertebrate host to increase their 

fitness are rare, and the most frequently cited example is rabies. In furious rabies, hosts exhibit 

aggressiveness and increased salivation which enhance viral transmission (Hemachudha et al., 2002). 

As rabies virus infects the CNS of its host, its pathogeny seems to provide an easy explanation of this 

modified behavior; however rabies virus does not selectively target brain areas responsible for 

regulating aggression nor strikes exclusively, or even preferentially, the limbic system (Laothamatas et 

al., 2003; Laothamatas et al., 2008). To date, mechanisms for the rabies induced behavioral changes 

remain mainly unknown even if immune reactions provoked by the virus are suggested (Hemachudha 

et al., 2002).  Second, descriptions of viral genes that were proved to modify host behavior have only 

been reported twice and both concerned baculoviruses infecting invertebrate hosts. Tyrosine 

phosphatase (Kamita et al., 2005; Katsuma et al., 2012) and ecdysteroid uridine 

5’-diphosphate-glucosyltransferase (Hoover et al., 2011) encoded by baculoviruses have been shown 

to increase respectively the locomotory activity and the climbing behavior of infected caterpillar hosts, 

both predicted to increase viral transmission. 

In the homologous CyHV-3/carp model, we demonstrated that CyHV-3 is able to delay 

behavioral fever through the expression of a single gene ORF12 and we demonstrated an adaptive 

value of this mechanism.  By delaying behavioral fever, CyHV-3 maintains infected fish longer at 

permissive temperature, i.e. enhancing viral replication and excretion, which corresponds also to the 

temperature preferred by naive fish, thereby increasing its transmission. Nevertheless, ORF12 only 

delays the expression of behavioral fever rather than completely inhibiting its appearance which 

allows infected fish to survive and turn the infection to latency (Eide et al., 2011; Reed et al., 2014; 

Ronen et al., 2003). This timing effect of ORF12 is likely to reflect also a long-term selective 

advantage conferred to the virus, as it allows infected fish to survive the infection and become latently 

infected by the virus whereby representing future source of viral transmission. Altogether, these 

results represent the perfect illustration of the “Central Theorem of the Extended Phenotype” of 

Richard Dawkins (Dawkins, 1982) according to which a viral gene, in this case the CyHV-3 ORF12, 

promotes its selection and spread through a phenotypical effect in an independent biological entity, the 

infected carp. 

 A nice perspective would be to investigate the long-term consequences of this ORF12 timing 

effect on the viral infection (establishment of latency, persistence of latency, reactivation and 

transmission to naive cohabitant subjects) and, from the immunological points of view, on the adaptive 

immune response developed by infected subjects. The rational of these questions is that the delay of 

behavioral fever could be important to reach a viral load compatible with successful establishment of 

latency and antigenic stimulation of the immune system (both innate and adaptive systems). 

Maintaining fish at permissive temperature increases viral replication and so, proportionally the 

antigenic stimulation. This could notably induce a better immune response in infected fish. Thereby, 

when fish migrate to the 32°C compartment and recover from lytic infection, they will become healthy 
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carriers of the virus, able to reactivate and spread the virus to naive fish but also survive any re-

exposure through an effective immune protection. In other words, the ORF12 gene by delaying the 

migration of fish to a warmer environment could improve the adaptive immune response of the 

infected fish (through a better antigenic stimulation) and so enhance its survival to subsequent re-

infections. This adaptive immune response could be particularly important if reactivation or super 

infection occur when the environment does not allow the expression of salutary behavioral fever (no 

restrictive temperature). These hypotheses are supported by vaccination protocols developed soon 

after the emergence of CyHV-3 (Ronen et al., 2003). Fish were exposed to pathogenic virus for 3 to 5 

days at permissive temperature before being transferred to non-permissive temperature for 30 days. 

However, the immune protection induced by this ingenious process was relatively low as 40% of the 

fish died when challenged. This could result from an insufficient immune stimulation due to a too 

early viral replication inhibition (Ronen et al., 2003). 

  In conclusion, throughout this thesis, we travelled along innate immune mechanisms of 

CyHV-3 natural host, Cyprinus carpio. We first demonstrated that carp are sensitive and permissive to 

CyHV-3 infection since hatching but that their sensitivity remains relatively low at the beginning of 

ontogenesis, due to efficient epidermal mucus defense. Then, we showed that adult carp infected with 

CyHV-3 express salutary behavioral fever mediated by Tnfα, an essential and sufficient endogenous 

pyrogen in carp. Moreover, we showed that behavioral fever has been acting as a selection pressure on 

CyHV-3 which developed the capacity to delay this process by the expression of a single gene. This 

thesis on the whole gives insights in many fields such as virology, immunology, animal behavior, 

ecology, evolution or animal welfare, and emphasizes that a disease is not only a host infected by a 

pathogen but on contrary, involves many other contributors; As Lourens G. M. Baas Becking said: 

“Everything is everywhere, but, the environment selects”. Performing my PhD on these subjects 

stimulated my broad-mindedness and reminded me that in science, as in other life domains, you need 

to pay attention to what is going on around, feel free to challenge dogmas and keep the thirst for 

surprising discoveries. During a thesis, one could easily get lost on this way to knowledge but I was 

fortunately well surrounded by colleagues, friends and my promoter who encouraged me and put me 

back on the right track when required. Finally, I would like to end this dissertation with a quote of 

Steve Jobs: “Your time is limited, so don’t waste it living someone else’s life. Don’t be trapped by 

dogma, which is living with the results of other people’s thinking. Don’t let the noise of other’s 

opinions drown out your own inner voice. And most important, have the courage to follow your heart 

and intuition. They somehow already know what you truly want to become. Everything else is 

secondary.” 
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Summary 

 
Cyprinid herpesvirus 3 (CyHV-3) is a highly pathogenic virus responsible for a lethal disease 

in both common and koi carp (Cyprinus carpio). The common carp is one of the most important 

freshwater species cultivated for human consumption. Its colourful subspecies koi is grown for 

personal pleasure and exhibitions. Both common and koi carp are economically important and since its 

description in the late 1990s, the CyHV-3 has caused severe financial losses in these two carp 

industries worldwide. Because of its economic importance and its numerous original biological 

properties, CyHV-3 became rapidly an attractive subject for both applied and fundamental research.  

The objectives of this thesis were to investigate the role of two unrelated innate immune 

mechanisms of carp in anti-CyHV-3 immunity. The first objective was to determine the role of 

epidermal mucus as an innate immune barrier against CyHV-3 entry during the early developmental 

stages of carp. To test this hypothesis, we investigated the sensitivity and the permissivity of carp to 

CyHV-3 during the early stages of its development. This hypothesis was tested using a recombinant 

CyHV-3 strain expressing luciferase as a constitutive reporter gene and in vivo bioluminescence 

imaging system. We demonstrated that carp are sensitive and permissive to CyHV-3 infection since 

hatching, but that their sensitivity remains relatively low in the two early developmental stages. 

Similarly to adults, we confirmed that the skin is the main portal of entry for the virus at early stages, 

and our results stress out the role of epidermal mucus as an innate immune defense of carp against 

pathogens even and especially at the early stages of development. The results of this study have been 

published in Veterinary research. 

The second objective of this thesis consisted to investigate whether carp express behavioral 

fever when infected by CyHV-3; and if so, what could be the effect of this innate immune reaction on 

the development of CyHV-3 disease. When infected by pathogens, both endotherms and ectotherms 

can express a salutary reaction by increasing their body temperature. While in endotherms this reaction 

is called fever and depends on intrinsic thermogenesis, ectotherms like teleosts can only upregulate 

their body temperature by moving to warmer places, hence the term behavioral fever. When studying 

the pathogenesis of CyHV-3, we observed that carp infected at 24°C (the thermal preference of 

healthy carp) tended to concentrate around the tank heater when it was running. This observation led 

us to postulate that infected subjects could express behavioral fever in natural environments where 

temperature gradients exist. Using multi-chamber tanks encompassing a gradient from 24°C to 32°C, 

we observed that carp infected by CyHV-3 express a salutary behavioral fever that completely 

suppresses virus induced mortalities. The relatively late onset of behavioral fever with respect to 

clinical signs, viral replication and cytokine upregulation led us to postulate that this phenomenon 

could be delayed by the virus to retain its host at a permissive temperature thereby favoring its 

replication and spreading. As some herpesviruses have been shown to express soluble decoy cytokine 
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receptors, we hypothesized that CyHV-3 could express such receptor(s) able to neutralize putative 

pyrogenic cytokines produced by the fish. We found that CyHV-3 ORF12 encodes a soluble decoy 

receptor for carp Tnfα and that this viral protein makes the virus capable of delaying the migration of 

infected fish to warmer environments. Remarkably, the study of the molecular mechanism through 

which the virus alters its host’s behavior led to the discovery of the first pyrogenic cytokine in 

ectotherms (Tnfα). This study is the first to report the ability of a vertebrate virus to alter the behavior 

of its host through the expression of a single gene. This second study was submitted for publication 

when this thesis was printed. 

In conclusion, we investigated two innate immune mechanisms expressed by carp against 

CyHV-3 infection. The results generated in this thesis bring findings related to several scientific fields 

such as virology, immunology, animal behavior, evolution, ecology and even animal welfare. 
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Résumé 

 
L’herpesvirus cyprin 3 (CyHV-3) est un virus hautement pathogène responsable d’une maladie 

mortelle chez les carpes commune et koi (Cyprinus carpio). La carpe commune est l’un des poissons 

d’eau douce les plus produits pour la consommation humaine. Sa sous-espèce colorée koi est élevée 

par loisir et pour des compétitions de collectionneurs. Les carpes commune et koi sont toutes deux 

importantes d’un point de vue économique et, depuis sa description fin des années 90, le CyHV-3 a 

induit des pertes sévères dans ces deux industries à travers le monde.  En raison de son importance 

économique et de ses nombreuses propriétés biologiques originales, le CyHV-3 est rapidement devenu 

un sujet intéressant à la fois pour la recherche appliquée et fondamentale. 

 Les objectifs de cette thèse étaient d’étudier deux mécanismes indépendants de la réponse 

immunitaire innée de la carpe contre le CyHV-3. Le premier objectif était d’étudier le rôle du mucus 

cutané comme barrière immunitaire innée contre l’entrée du CyHV-3 au cours des premiers stades de 

développement de la carpe. Afin d’investiguer cette hypothèse, nous avons étudié la sensibilité et la 

permissivité des carpes au CyHV-3 au cours des premiers stades de développement. Pour ce faire, 

nous avons utilisé une souche recombinante du CyHV-3 exprimant la luciférase comme gène 

rapporteur constitutif et la technique de bioluminescence in vivo. Nous avons démontré que les carpes 

sont sensibles et permissives à l’infection par le CyHV-3 dès l’éclosion, mais que leur sensibilité reste 

relativement faible au cours des deux stades de développement les plus précoces. Nous avons confirmé 

que, comme chez les adultes, la peau est la porte d’entrée pour le virus au cours des stades précoces et 

nos résultats ont mis en exergue le rôle du mucus cutané comme défense immunitaire innée de la carpe 

contre les pathogènes, aussi et surtout au cours des premiers stades de développement. Les résultats de 

cette étude ont été publiés dans Veterinary Research.  

 Le second objectif de cette thèse visait à révéler l’expression d’une fièvre comportementale 

chez les carpes infectées par le CyHV-3; et si tel était le cas, étudier les effets de cette réaction 

immunitaire innée sur le développement de la maladie induite par le CyHV-3.  Lors d’une infection 

par des pathogènes, les endothermes ainsi que les ectothermes peuvent exprimer une réaction salutaire 

en augmentant leur température. Alors que chez les endothermes, cette réaction s’appelle la fièvre et 

dépend de la thermogénèse endogène, les ectothermes, comme les téléostéens, ne peuvent augmenter 

leur température corporelle qu’en se déplaçant dans des eaux plus chaudes, d’où le terme « fièvre 

comportementale ». En étudiant la pathogénèse du CyHV-3,  nous avons observé que des carpes 

infectées à 24°C (température préférentielle des carpes non-infectées) avaient tendance à se grouper 

autour du chauffage de l’aquarium pendant que celui-ci fonctionnait. Cette observation nous a amenés 

à postuler que les sujets infectés pourraient exprimer une fièvre comportementale dans les 

environnements naturels où un gradient de température existe. En réalisant une infection au sein 
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d’aquariums compartimentés où un gradient de température était établi de 24°C à 32°C, nous avons 

observé que les carpes infectées par le CyHV-3 exprimaient une fièvre comportementale salutaire, 

supprimant toutes les mortalités induites par le virus. Le déclenchement relativement tardif de la fièvre 

comportementale, au regard des signes cliniques, de la charge viral et de l’augmentation de 

l’expression des cytokines,  nous a amenés à postuler que le virus pourrait retarder ce phénomène afin 

de maintenir plus longtemps son hôte à une température permissive et ainsi, favoriser sa réplication et 

sa transmission. Comme des récepteurs leurres ont été révélés chez certains herpesvirus, nous avons 

émis l’hypothèse que le CyHV-3 pourrait exprimer ce genre de récepteur(s) capable de neutraliser de 

potentielles cytokines pyrogènes produites par le poisson. Nous avons découvert que l’ORF12 du 

CyHV-3 code pour un récepteur soluble leurre du Tnfα et que cette protéine virale permet au virus de 

retarder la migration des poissons infectés dans les eaux plus chaudes. De façon remarquable, l’étude 

du mécanisme moléculaire par lequel le virus modifie le comportement de son hôte a conduit à la 

découverte de la première cytokine pyrogène chez les ectothermes (Tnfα). Cette étude est également la 

première à rapporter un virus capable de modifier le comportement de son hôte vertébré par 

l’expression d’un seul gène. Cette deuxième étude était soumise pour publication au moment de 

l’impression de cette thèse. 

 En conclusion, nous avons investigué deux mécanismes immunitaires innés de la carpe face à 

une infection par le CyHV-3. Les résultats de cette thèse ont généré des découvertes ayant trait à 

différents domaines scientifiques comme la virologie, l’immunologie, le comportement animal, 

l’évolution,  l’écologie et même le bien-être animal. 
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Preamble 

 

This thesis focused on fundamental aspects of two innate immune mechanisms developed by 

carp against CyHV-3.  However, it was also an opportunity to contribute to an applied project aiming 

to develop a safe and efficacious attenuated recombinant vaccine against CyHV-3. This study has been 

published in Plos Pathogens and is provided as an annex hereafter. 

 My contribution to this applied study consisted to participate to the production of a 

recombinant form of the vaccine candidate expressing luciferase as a reporter gene. I also contributed 

to the IVIS experiments performed with this recombinant to investigate the effect of the ORF56-57 

deletion on the tropism of the produced CyHV-3 vaccine and its capability to spread from vaccinated 

fish to naïve cohabitant subjects. 

 

 

 

 

 



Annex 
 

188 
 

 

  

 
 



Annex 
 

189 
 

 

 

 
 



Annex 
 

190 
 

 

 

 
 



Annex 
 

191 
 

 

 

 
 



Annex 
 

192 
 

 

 

 
 



Annex 
 

193 
 

 

 

 
 



Annex 
 

194 
 

 

 

 
 



Annex 
 

195 
 

 

 

 
 



Annex 
 

196 
 

 

 

 
 



Annex 
 

197 
 

 

 

 
 



Annex 
 

198 
 

 

 

 



Annex 
 

199 
 

 

 

 
 



Annex 
 

200 
 

 

 

 
 



Annex 
 

201 
 

 

 

 
 



Annex 
 

202 
 

 

 

 
 



Annex 
 

203 
 

 

 

 



Annex 
 

204 
 

 

 

 
 



Annex 
 

205 
 

 

 

 
 



Annex 
 

206 
 

 

 

 
 



Annex 
 

207 
 

 

 

 



Annex 
 

208 
 

 

 

 
 



Annex 
 

209 
 

 

 

 
 



Annex 
 

210 
 

 

 

 
 



Annex 
 

211 
 

 

 

 
 



Annex 
 

212 
 

 

 

 
 



Annex 
 

213 
 

 

 

 
 



Annex 
 

214 
 

 

 

 
 



Presses de la Faculté de Médecine vétérinaire de l’Université de Liège

4000 Liège (Belgique)

D/2015/0480/15

ISBN 978-2-87543

Thèse présentée en vue de l’obtention du grade 
de Docteur en Sciences Vétérinaires

Année académique 2014-2015

Maygane RONSMANS

Presses de la Faculté de Médecine vétérinaire de l’Université de Liège

4000 Liège (Belgique)

D/2015/0480/15

87543-065-6


	RonsmansMaygane_Thesis_2015  1.pdf
	RonsmansMaygane_Thesis_2015  2
	RonsmansMaygane_Thesis_2015  3
	RonsmansMaygane_Thesis_2015  4
	RonsmansMaygane_Thesis_2015  6
	RonsmansMaygane_Thesis_2015  8
	RonsmansMaygane_Thesis_2015  10
	RonsmansMaygane_Thesis_2015  12
	RonsmansMaygane_Thesis_2015  13
	RonsmansMaygane_Thesis_2015  14
	RonsmansMaygane_Thesis_2015  16
	RonsmansMaygane_Thesis_2015  18
	12.1.Intercalaires_preamble
	RonsmansMaygane_Thesis_2015  20
	RonsmansMaygane_Thesis_2015  22
	12.2Intercalaires_Intro
	RonsmansMaygane_Thesis_2015  24
	RonsmansMaygane_Thesis_2015  26
	RonsmansMaygane_Thesis_2015  27
	RonsmansMaygane_Thesis_2015  28
	RonsmansMaygane_Thesis_2015  29
	RonsmansMaygane_Thesis_2015  30
	RonsmansMaygane_Thesis_2015  31
	RonsmansMaygane_Thesis_2015  32
	RonsmansMaygane_Thesis_2015  33
	RonsmansMaygane_Thesis_2015  34
	RonsmansMaygane_Thesis_2015  35
	RonsmansMaygane_Thesis_2015  36
	RonsmansMaygane_Thesis_2015  37
	RonsmansMaygane_Thesis_2015  38
	RonsmansMaygane_Thesis_2015  39
	RonsmansMaygane_Thesis_2015  40
	RonsmansMaygane_Thesis_2015  41
	RonsmansMaygane_Thesis_2015  42
	RonsmansMaygane_Thesis_2015  43
	RonsmansMaygane_Thesis_2015  44
	RonsmansMaygane_Thesis_2015  45
	RonsmansMaygane_Thesis_2015  46
	RonsmansMaygane_Thesis_2015  47
	RonsmansMaygane_Thesis_2015  48
	RonsmansMaygane_Thesis_2015  49
	RonsmansMaygane_Thesis_2015  50
	RonsmansMaygane_Thesis_2015  51
	RonsmansMaygane_Thesis_2015  52
	RonsmansMaygane_Thesis_2015  53
	RonsmansMaygane_Thesis_2015  54
	RonsmansMaygane_Thesis_2015  55
	RonsmansMaygane_Thesis_2015  56
	RonsmansMaygane_Thesis_2015  57
	RonsmansMaygane_Thesis_2015  58
	RonsmansMaygane_Thesis_2015  59
	RonsmansMaygane_Thesis_2015  60
	RonsmansMaygane_Thesis_2015  61
	RonsmansMaygane_Thesis_2015  62
	RonsmansMaygane_Thesis_2015  63
	RonsmansMaygane_Thesis_2015  64
	RonsmansMaygane_Thesis_2015  65
	RonsmansMaygane_Thesis_2015  66
	RonsmansMaygane_Thesis_2015  67
	RonsmansMaygane_Thesis_2015  68
	RonsmansMaygane_Thesis_2015  69
	RonsmansMaygane_Thesis_2015  70
	RonsmansMaygane_Thesis_2015  71
	RonsmansMaygane_Thesis_2015  72
	RonsmansMaygane_Thesis_2015  73
	RonsmansMaygane_Thesis_2015  74
	RonsmansMaygane_Thesis_2015  75
	RonsmansMaygane_Thesis_2015  76
	RonsmansMaygane_Thesis_2015  77
	RonsmansMaygane_Thesis_2015  78
	RonsmansMaygane_Thesis_2015  79
	RonsmansMaygane_Thesis_2015  80
	RonsmansMaygane_Thesis_2015  81
	RonsmansMaygane_Thesis_2015  82
	RonsmansMaygane_Thesis_2015  83
	RonsmansMaygane_Thesis_2015  84
	RonsmansMaygane_Thesis_2015  85
	RonsmansMaygane_Thesis_2015  86
	RonsmansMaygane_Thesis_2015  87
	RonsmansMaygane_Thesis_2015  88
	RonsmansMaygane_Thesis_2015  89
	RonsmansMaygane_Thesis_2015  90
	RonsmansMaygane_Thesis_2015  91
	RonsmansMaygane_Thesis_2015  92
	RonsmansMaygane_Thesis_2015  93
	RonsmansMaygane_Thesis_2015  94
	RonsmansMaygane_Thesis_2015  95
	RonsmansMaygane_Thesis_2015  96
	RonsmansMaygane_Thesis_2015  97
	RonsmansMaygane_Thesis_2015  98
	RonsmansMaygane_Thesis_2015  99
	RonsmansMaygane_Thesis_2015  100
	RonsmansMaygane_Thesis_2015  101
	RonsmansMaygane_Thesis_2015  102
	RonsmansMaygane_Thesis_2015  103
	RonsmansMaygane_Thesis_2015  104
	RonsmansMaygane_Thesis_2015  105
	RonsmansMaygane_Thesis_2015  106
	RonsmansMaygane_Thesis_2015  107
	RonsmansMaygane_Thesis_2015  108
	RonsmansMaygane_Thesis_2015  109
	RonsmansMaygane_Thesis_2015  110
	RonsmansMaygane_Thesis_2015  111
	RonsmansMaygane_Thesis_2015  112
	RonsmansMaygane_Thesis_2015  113
	RonsmansMaygane_Thesis_2015  114
	RonsmansMaygane_Thesis_2015  115
	RonsmansMaygane_Thesis_2015  116
	RonsmansMaygane_Thesis_2015  117
	RonsmansMaygane_Thesis_2015  118
	RonsmansMaygane_Thesis_2015  119
	RonsmansMaygane_Thesis_2015  120
	RonsmansMaygane_Thesis_2015  121
	12.3-Intercalaires-Objectives
	RonsmansMaygane_Thesis_2015  122
	12.4-Intercalaires-Experimental
	RonsmansMaygane_Thesis_2015  124
	RonsmansMaygane_Thesis_2015  126
	RonsmansMaygane_Thesis_2015  128
	RonsmansMaygane_Thesis_2015  129
	RonsmansMaygane_Thesis_2015  130
	RonsmansMaygane_Thesis_2015  131
	RonsmansMaygane_Thesis_2015  132
	RonsmansMaygane_Thesis_2015  133
	RonsmansMaygane_Thesis_2015  134
	RonsmansMaygane_Thesis_2015  135
	RonsmansMaygane_Thesis_2015  136
	RonsmansMaygane_Thesis_2015  137
	RonsmansMaygane_Thesis_2015  138
	RonsmansMaygane_Thesis_2015  139
	RonsmansMaygane_Thesis_2015  140
	RonsmansMaygane_Thesis_2015  142
	RonsmansMaygane_Thesis_2015  144
	RonsmansMaygane_Thesis_2015  146
	RonsmansMaygane_Thesis_2015  148
	RonsmansMaygane_Thesis_2015  150
	RonsmansMaygane_Thesis_2015  151
	RonsmansMaygane_Thesis_2015  152
	RonsmansMaygane_Thesis_2015  153
	RonsmansMaygane_Thesis_2015  154
	RonsmansMaygane_Thesis_2015  155
	RonsmansMaygane_Thesis_2015  156
	RonsmansMaygane_Thesis_2015  157
	RonsmansMaygane_Thesis_2015  158
	RonsmansMaygane_Thesis_2015  159
	RonsmansMaygane_Thesis_2015  160
	RonsmansMaygane_Thesis_2015  161
	RonsmansMaygane_Thesis_2015  162
	RonsmansMaygane_Thesis_2015  164
	RonsmansMaygane_Thesis_2015  165
	RonsmansMaygane_Thesis_2015  166
	RonsmansMaygane_Thesis_2015  167
	RonsmansMaygane_Thesis_2015  168
	RonsmansMaygane_Thesis_2015  170
	RonsmansMaygane_Thesis_2015  171
	RonsmansMaygane_Thesis_2015  172
	RonsmansMaygane_Thesis_2015  174
	RonsmansMaygane_Thesis_2015  176
	RonsmansMaygane_Thesis_2015  178
	RonsmansMaygane_Thesis_2015  180
	RonsmansMaygane_Thesis_2015  181
	RonsmansMaygane_Thesis_2015  182
	RonsmansMaygane_Thesis_2015  183
	12.5-Intercalaires-Discussion
	RonsmansMaygane_Thesis_2015  184
	RonsmansMaygane_Thesis_2015  185
	RonsmansMaygane_Thesis_2015  186
	RonsmansMaygane_Thesis_2015  187
	RonsmansMaygane_Thesis_2015  188
	RonsmansMaygane_Thesis_2015  189
	RonsmansMaygane_Thesis_2015  190
	RonsmansMaygane_Thesis_2015  191
	RonsmansMaygane_Thesis_2015  192
	RonsmansMaygane_Thesis_2015  193
	RonsmansMaygane_Thesis_2015  194
	RonsmansMaygane_Thesis_2015  195
	RonsmansMaygane_Thesis_2015  196
	RonsmansMaygane_Thesis_2015  197
	RonsmansMaygane_Thesis_2015  198
	RonsmansMaygane_Thesis_2015  199
	RonsmansMaygane_Thesis_2015  200
	RonsmansMaygane_Thesis_2015  201
	RonsmansMaygane_Thesis_2015  202
	RonsmansMaygane_Thesis_2015  203
	12.6-Intercalaires-Summary
	RonsmansMaygane_Thesis_2015  204
	RonsmansMaygane_Thesis_2015  205
	RonsmansMaygane_Thesis_2015  206
	RonsmansMaygane_Thesis_2015  207
	12.7-Intercalaires-Ref
	RonsmansMaygane_Thesis_2015  208
	RonsmansMaygane_Thesis_2015  209
	RonsmansMaygane_Thesis_2015  210
	RonsmansMaygane_Thesis_2015  211
	RonsmansMaygane_Thesis_2015  212
	RonsmansMaygane_Thesis_2015  213
	RonsmansMaygane_Thesis_2015  214
	RonsmansMaygane_Thesis_2015  215
	RonsmansMaygane_Thesis_2015  216
	RonsmansMaygane_Thesis_2015  217
	RonsmansMaygane_Thesis_2015  218
	RonsmansMaygane_Thesis_2015  219
	RonsmansMaygane_Thesis_2015  220
	RonsmansMaygane_Thesis_2015  221
	RonsmansMaygane_Thesis_2015  222
	12.7-Intercalaires-Annex
	RonsmansMaygane_Thesis_2015  224
	RonsmansMaygane_Thesis_2015  226
	RonsmansMaygane_Thesis_2015  228
	RonsmansMaygane_Thesis_2015  229
	RonsmansMaygane_Thesis_2015  230
	RonsmansMaygane_Thesis_2015  231
	RonsmansMaygane_Thesis_2015  232
	RonsmansMaygane_Thesis_2015  233
	RonsmansMaygane_Thesis_2015  234
	RonsmansMaygane_Thesis_2015  235
	RonsmansMaygane_Thesis_2015  236
	RonsmansMaygane_Thesis_2015  237
	RonsmansMaygane_Thesis_2015  238
	RonsmansMaygane_Thesis_2015  239
	RonsmansMaygane_Thesis_2015  240
	RonsmansMaygane_Thesis_2015  241
	RonsmansMaygane_Thesis_2015  242
	RonsmansMaygane_Thesis_2015  243
	RonsmansMaygane_Thesis_2015  244
	RonsmansMaygane_Thesis_2015  245
	RonsmansMaygane_Thesis_2015  246
	RonsmansMaygane_Thesis_2015  247
	RonsmansMaygane_Thesis_2015  248
	RonsmansMaygane_Thesis_2015  249
	RonsmansMaygane_Thesis_2015  250
	RonsmansMaygane_Thesis_2015  251
	RonsmansMaygane_Thesis_2015  252
	RonsmansMaygane_Thesis_2015  253
	RonsmansMaygane_Thesis_2015  254
	00. cover final front A4 [Mode de compatibilité] 3

