
 

Studies of Oral Vaccination against Infectious Pancreatic Necrosis in Atlantic salmon:
Focus on Antigen Production, Antigen Kinetics, and Immune Responses

Studier av oral vaksinering mot infeksiøs pankreas nekrose hos atlantisk laks: Fokus på 
antigen produksjon, antigen kinetikk, og immunrespons  

Philosophiae Doctor



 

Contents 

1 Acknowledgements ............................................................................................................................... 1 
2 Summary ................................................................................................................................................ 2 
3 Sammendrag.......................................................................................................................................... 4 
4 Acronyms/Abbreviations ...................................................................................................................... 5 
5 Papers ..................................................................................................................................................... 7 
6 Introduction ........................................................................................................................................... 8 

  
  
  

  
  
  
  

  
  
  
  
  

7 Objectives ............................................................................................................................................. 21 
8 Methodology ........................................................................................................................................ 22 

  
  
  
  
  
  

9 Summary of separate papers ............................................................................................................. 27 

 
 

 
10 Results and Discussion ........................................................................................................................ 30 

  

 
  
  

  
  
  
  
  
  

11 Conclusion ........................................................................................................................................... 41 
12 Perspectives ......................................................................................................................................... 42 
Reference List ............................................................................................................................................ 43 



 

1 Acknowledgements 



 

2 Summary 



 



 

3 Sammendrag 



 

4 Acronyms/Abbreviations 



 



 

5 Papers 

J. Virol. Methods, 



 

6 Introduction 

6.1General background 

Salvelinus fontinalis

et al

6.2Oral vaccines 



 

et al



 

et al.

V. anguillarum

et al.

Lactococcus garvieae

et al.

Flavobacterium columnare Oreochromis niloticus

et al.

Chlamydomonas reinhardtii

Renibacterium salmoninarum

Chlamydomonas

et al.

E. coli



 

6.3Vaccine types 

6.3.1

6.3.2



 

Vibrio

6.3.3

6.3.4

et al.



 

Novirhabdoviridae.

6.4Challenges of oral vaccines for IPN 
6.4.1 Antigen production 



 

et al.



 

Epinephelus coioides Epinephelus malabaricus

6.4.2 Antigen Kinetics 



 

et al.



 

6.4.3 Immune response 

IgD 

et al.

IgM 

et

al.

et al.



 

IgT 

et al.

et al.

et al.



 

6.4.4 Immune tolerance 

et al.

et al.



 



 

7 Objectives  



 

8 Methodology 

8.1Overview 



 

8.2Cells, virus, vaccines, and fish 



 

8.3Virus detection and quantification 



 

8.4Gene expression 

8.5Cellular antiviral activity test  

8.6Humoral Antibody quantification 



 



 

9 Summary of separate papers 

Paper I: Delayed protein shut down and cytopathic changes lead to high yields of infectious 
pancreatic necrosis virus cultured in Asian Grouper cells 

Paper II: IPNV antigen uptake and distribution in Atlantic salmon following oral 
administration 



 

Paper III: Augmentation of the antibody response of Atlantic salmon by oral 
administration of alginate-encapsulated IPNV antigens 

Salmo salar



 



 

10  Results and Discussion 

10.1 Overview 

10.2 High yield of infectious pancreatic necrosis virus produced by Asian grouper 
cell strain K (AGK)  

10.2.1  The effects at cell population level 

10.2.2  The effects at individual cell level 



 



 



 

10.3 The IPNV antigen uptake kinetics 



 

10.4 IPNV antigen distribution in the organs 



 



 

10.5 The immune responses following oral vaccination with IPNV in Atlantic 
salmon

10.5.1 The systemic humoral responses



 

10.6 The local humoral responses 



 

10.7 Immune tolerance 



 

10.8 The correlation between antigen kinetics and immune responses 



 



 

11  Conclusion 

Antigen production 

Antigen kinetics 

Immune response 



 

12  Perspectives 

Antigen production

Antigen Kinetics

Efficacy of oral vaccine 



 

Reference List 



 



 



 



 



 



 



 



 



 



 



 

Oncorhynchus tshawytscha O. 
kisutch



 





I



Journal of Virological Methods 195 (2014) 228–235

Contents lists available at ScienceDirect

Journal of Virological Methods

journa l homepage: www.e lsev ier .com/ locate / jv i romet

Delayed protein shut down and cytopathic changes lead to high yields

of infectious pancreatic necrosis virus cultured in Asian Grouper cells

Lihan Chen, Øystein Evensen, Stephen Mutoloki ∗

Norwegian School of Veterinary Science, Department of Basic Science and Aquatic Medicine, P.O. Box 8146 Dep., 0033 Oslo, Norway

Article history:

Received 8 July 2013

Received in revised form 7 October 2013

Accepted 11 October 2013

Available online 25 October 2013

Keywords:

Infectious pancreatic necrosis virus

AGK cells

Mx

Protein shutdown

a b s t r a c t

Inactivated whole virus vaccines represent the majority of commercial preparations used to prevent

infectious pancreatic necrosis (IPN) in salmonids today. The production of these vaccines requires high

virus concentrations that are resource-demanding. In this study, we describe the cultivation of high

yields of IPN virus in Asian Grouper strain K (AGK) cells. The mechanism by which this is achieved was

investigated by comparison with commonly used salmonid cell lines (RTG-2 and CHSE-214 cells). The

cells were counted before and sequentially after infection. Thereafter, protein shut down, virus yields and

apoptosis were assessed. The effects of poly(I:C) pre-treatment and Mx expression on IPNV concentrations

were examined and the results show that high virus yields were associated with high cell numbers per

unit volume, delayed cell death and apoptosis in AGK cells while the opposite was observed in RTG-2 cells.

Poly(I:C) treatment and Mx expression resulted in a dose-dependent inhibition of virus multiplication.

The production capacity of AGK and CHSE-214 cells were compared and higher split ratio and shorter split

interval of AGK cells documents dramatic differences in virus antigen production capacity. Collectively,

the results suggest that high cell numbers and prolonged survival of AGK cells are responsible for the

superior virus yields over RTG-2 and higher split ratio/shorter split interval makes AGK superior over

CHSE cells.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Infectious pancreatic necrosis (IPN) is one of the most important

diseases of farmed salmonids the world over. Originally known to

affect fry at the point of start-feeding and in smolts shortly after sea

water transfer, the disease now afflicts fish at all stages of produc-

tion (Roberts and Pearson, 2005). IPN is caused by an un-enveloped

double stranded RNA virus, the IPN virus (IPNV) that is a prototype

of the genus Aquabirnavirus in the family Birnaviridae (Cohen et al.,

1973; Duncan and Dobos, 1986). The virus genome consists of two

segments, A and B, with the former encoding structural proteins

VP2 and VP3, and non-structural proteins VP4 and VP5 (Dobos,

1976; Havarstein et al., 1990). Segment B encodes VP1, the RNA

dependent RNA polymerase (Duncan et al., 1991).

Disease prevention and control of IPN include vaccination of

parr during the fresh water stage with the purpose to protect

them against disease during the first 2 months post sea transfer.

Several vaccines are available, most of which are based on inactiv-

ated whole virus but also on subunit preparations (Sommerset

et al., 2005) although their performance is equivocal. At experi-

mental level, inactivated whole virus vaccines have shown better

∗ Corresponding author. Tel.: +47 22 96 47 17; fax: +47 22 59 73 10.

E-mail address: stephen.mutoloki@nvh.no (S. Mutoloki).

protection than recombinant subunit vaccines, the former holding

promise as effective vaccines for the future (Munang’andu et al.,

2012, 2013a). The efficacy of the vaccines relies on inclusion of high

antigen content.

Several cell lines have been tested for their suitability in the

propagation of IPNV (Lannan et al., 1984) and are indeed in use

in several laboratories for example rainbow trout gonad 2 (RTG-2)

and Chinook salmon embryo 214 (CHSE-214) cells. The yields of

virus that these cell lines give differ between cell lines and even

between virus isolates. In general, the Sp serotype yields lower

quantities (106–107 pfu/ml) in RTG-2 cells compared to CHSE-

214 (108 pfu/ml) or even up to 1010 TCID50/ml (Skjesol et al.,

2009). The difference in yields between RTG-2 and CHSE-214 cells

has been attributed to the former’s ability to elicit an interferon

(IFN) response believed to be absent in the latter (Macdonald and

Kennedy, 1979; Jensen et al., 2002). Other factors including apo-

ptosis and necrosis as well as the rates at which they occur may

also contribute to the virus yield although this is not well docu-

mented. As stated above, vaccine production, challenge models,

immunological and biological assays demand the cultivation of

virus in large quantities. We report the use of Asian Grouper strain

K (AGK) cells that support the cultivation of high titres of IPNV

(109–1010 TCID50/ml) (Munang’andu et al., 2012). These cells are

derived from the skin of a crossbreed between Orange-spotted

grouper (Epinephelus coioides) and Malabar grouper (Epinephelus

0166-0934/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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malabaricus). The cell line is not a mono-clone but is composed of

different cell types. AGK cells grow at a higher temperature, can

be split at high ratios and have a much shorter turn-around time

making them a very valuable resource for easy production of IPNV

in large quantities within a short period of time.

The purpose of the present study was to investigate and docu-

ment the factors that permit the production of high titres and high

volumes of IPNV using AGK cells. A good understanding of these fac-

tors will contribute to more efficient production of antigens that are

required in the development of protective vaccines against IPNV.

2. Materials and methods

2.1. Cells

Rainbow trout gonad 2 cells (RTG-2; ATCC CCL-55) were main-

tained at 20 ◦C with L-15 medium (Invitrogen) supplemented with

10% foetal bovine serum (FBS), 10% l-glutamine and 1 �l/ml of gen-

tamicin. Asian Grouper strain K (AGK) cells (Munang’andu et al.,

2012) were maintained at 28 ◦C with L-15 media of the same com-

position but supplemented with 7.5% FBS while Chinook salmon

embryo cells (CHSE-214; ATCC CRL-1681) were maintained at 20 ◦C

also with the same medium but containing 10% FBS.

2.2. Experimental design

RTG-2 and AGK cells were used to grow IPNV as a basis for

understanding the mechanisms underlying differences in yields.

CHSE-214 cells were used to quantify virus yields from both cell

lines.

2.3. Assessment of IPNV yields in AGK and RTG-2 cells

A recombinant IPNV strain (rNVI-15PT) with amino acids Pro-

line (P), Threonine (T) and Alanine (A) in positions 217, 221 and

247 in the VP2 protein, respectively (Munang’andu et al., 2013b),

was used to infect confluent cells. The cells were infected in trip-

licates by first adsorbing the virus for 2 h on a rocking board, then

washing with PBS before replacing fresh maintenance media and

incubating them at 15 ◦C. Virus samples from both intact cells and

culture supernatants were harvested in parallel, on daily basis until

full CPE. The virus yield in these samples was assessed by titration

in CHSE-214 cells.

To assess the effect of virus to cell infection ratio on virus yields,

the cells were infected with either MOI = 0.1 or MOI = 10. Virus

yields were assessed as described above. In addition, quantitative

RT-PCR was also used to assess virus yields of AGK cells from day 1

to 5.

2.4. Metabolic labelling of newly synthesized proteins

AGK and RTG-2 cells infected with IPNV (MOI = 0.1 and 10)

were incubated for the required duration (up to 5 days maxi-

mum). To harvest the cells, they were first washed with PBS and

then incubated for 1 h in Dulbecco’s modified Eagle’s medium

without Methionine and supplemented with 0.1% FBS and 20 Ci

[35S]Methionine/ml. After incubation, the cells were washed three

times with PBS and then lysed by using CelLytic M reagent

(Sigma). The protein was separated by SDS-PAGE and blotted onto

a poly(vinylidene) fluoride (PVDF) membrane. The membrane was

then kept in a Phosphor cassette over-night prior to scanning using

a Typhoon imager (GE Healthcare).

2.5. Transfection of poly(I:C) in AGK and RTG-2 cells followed by

IPNV infection

To examine antiviral effects, AGK and RTG-2 cells were grown

in 6-well culture plates until near confluence. Thereafter they

were transfected with 3 �g of poly(inosinic:polycytidylic) acid

(poly(I:C)) and 9 �l of FuGENE® HD Transfection Reagent (Roche)

per well according to the manufacturer’s instructions. 24 h later,

the cells were infected with IPNV at MOI of 0.1. At 48, 72 and 96 h

following infection, the viral proteins were assessed by Western

blot.

2.6. Assessment of Mx expression following IPNV infection in AGK

cells

AGK cells were infected with IPNV (MOI of 0.1 and 10). Samp-

ling was done daily for 6 days. Total RNA was isolated by using the

RNeasy Plus mini kit (Qiagen), and the concentration of RNA was

determined by spectrophotometry (Nanodrop ND1000). For each

sample, 500 ng of total RNA was subjected to cDNA synthesis using

Transcriptor first-strand cDNA kit (Roche) in a total volume of 20 �l

as described above. Mx expression was determined by quantitative

real time PCR (qPCR) and this was performed by using Light-Cycler

480 SYBR green I Master mix on a LightCycler 480 thermocycler

(Roche). 2 �l of cDNA was used as a template in a final volume of

20 �l. The mixtures were first incubated at 95 ◦C for 10 min, fol-

lowed by 40 amplification cycles (10 s at 95 ◦C, 20 s at 60 ◦C, and 8 s

at 72 ◦C).

The sequences of primers (Mx-574 Fwd and Mx-730 Rev) used

to assess the expression of Mx are given in Table 1. The speci-

ficity of the PCR products from each primer pair was confirmed by

melting-curve analysis and subsequent agarose gel electrophoresis.

The 2−��CT method was used to calculate the amount of gene prod-

ucts as described previously (Nolan et al., 2006; Schmittgen and

Livak, 2008). 2−��CT is the relative mRNA expression representing

the fold induction over the control group. All quantifications were

normalized to Cathepsin D. This gene has been demonstrated not to

be induced in IPNV-persistently infected CHSE-214 cells (Marjara

et al., 2010). In the present study, Cathepsin D expression was tested

in AGK cells and found not to be induced by infection with IPNV.

2.7. Over-expression of Mx in AGK cells

The full Mx gene sequence (GenBank Accession No. KF148054)

was amplified by PCR using the primers pcDNA3.1c-Mx-F and

pcDNA3.1c-Mx-R (Table 1) containing BamHI/EcoRI restriction

sites. A truncated form of the gene was used as a negative

control and was produced using primers pcDNA3.1c-MxN-F and

pcDNA3.1c-MxN-R. PCR was done as described above. 3 �g of PCR

products and pcDNA3.1c vector were digested by using restriction

enzyme BamHI and EcoRI (Promega) for 3 h and were directionally

ligated using a ratio of 1:3. The plasmids were sequenced to confirm

orientation and position of the gene as well as that of the His-tag.

Transfection of AGK cells was done in 6-well plates using 3 �g

of plasmids containing the Mx gene and 9 �l of FuGENE® HD Trans-

fection Reagent (Roche) per well according to the manufacturer’s

instructions. After 48 h, the cells were infected with IPNV (MOI of

0.1). 24 h post infection, the Mx and viral protein expression were

detected by IFAT.

2.8. Simultaneous assessment of Mx over-expression and IPNV

infection in AGK cells

AGK cells over-expressing Mx or not (controls), grown in 6 well

plates were infected with IPNV as described above. At 72 h post-

infection, the culture medium was removed from the cells, washed
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Table 1
List of primers used in this study.

Name D* Sequence (5′–3′) TA (◦C)

MxC-f F MAGGGACARCCAGARRACATTGGA 59.7

MxC-r R AAYYAAMYTSCTGCTGTAKGTSCTGT 59.4

Mx3Race TCC AAC CTA GGC AGC GAT TTC TCA 60.1

Mx5Race TTG GCC TTG GCA GAT TTG AGC AGA 61.3

Mxfull-f F ATGACAAACTCAACAGAAGATCAGCTG 57.3

Mxfull-r R TTAGGATCCAAACTCCAGCAGGTAGCT 61.0

pcDNA3.1c-Mxf F GAATTCTGCCGCCATGACAAACTCAACAGAAGATCAGCTG 65.8

pcDNA3.1c-Mxr R GGATCCAAACTCCAGCAGGTAGCTGCGTGC 67.1

pcDNA3.1c-MxNf F GAATTCTGCCGCCATGACAAACTCAACAGAAGATCAGCTG 65.8

pcDNA3.1c-MxNr R GGATCCAAACTCCAGCAGGTAGCTGCGTGC 67.1

Mx-574 F TTGAAGATGGCACAGGAGGTGGAT 60.3

Mx-730 R TGCACCTGACAATCATGTAGCCCT 60.5

Cathepsin D-f F CAGGCTGGTAAGACCATCTGC 57.8

Cathepsin D-r R TGTTGTCACGGTCGAACACAG 57.6

TA, annealing temperature; D*, direction of primer.

with PBS and then fixed for 20 min in 4% paraformaldehyde solu-

tion (Sigma, USA) at room temperature. After washing twice for

5 min with PBS, incubation was performed for another 5 min on

ice with 200 �l/well of 0.1% Triton X-100 (Sigma). After washing as

described above, the cells were then blocked with 5% BSA for 20 min

at room temperature. Following removal of the blocking solution,

primary antibodies (mouse anti-polyhistag (Sigma)) or rabbit anti-

IPNV (Evensen and Rimstad, 1990) diluted 1:1000 in 2.5% BSA were

added and incubated for 30 min at room temperature. The wells

were then washed before adding secondary antibodies (IgG goat

anti-mouse Alexa Flour 488 or goat anti-rabbit Alexa Flour 594

(Invitrogen)) diluted 1:1000 in 2.5% BSA. The samples were incu-

bated for 30 min at room temperature before the final washing prior

to examination by fluorescence microscopy.

2.9. Assessment of apoptosis in AGK and RTG-2 cells following

infection with IPNV

Cells were gently trypsinized and washed once with L15

medium containing 7.5% FBS prior to collection in tubes by

centrifugation at 300 × g for 10 min. They were then re-suspended

in 1× binding buffer of Annexin-V-FLUOS Staining Kit (Roche). The

supernatant was transferred to a 5 ml polystyrene round-bottomed

tube (BD Biosciences). Thereafter, 2 �l of Annexin V-FITC was added

and the cells incubated at room temperature for 30 min in the dark.

Thereafter the volume was adjusted to 300 �l. Propidium iodide

(PI) was added at 8 �l/ml just before analysis. The BD FACS Aria cell

sorter (BD, San Jose, CA) was used for the analysis with Annexin

V-FITC binding with FITC signal detector and PI staining by the phy-

coerythrin emission signal detector. Data analysis was performed

using BD FACS DiVa Software, version 5.0.2 (BD, San Jose, CA). Cell

aggregates were identified and excluded by using the width pulse

of FSC-A versus area width of SSC-A. The percentage of early and

late apoptotic cells were calculated for each sample.

2.10. Statistical analysis

Data were analyzed for statistical significance using a two-tailed

Student’s t test assuming populations of unequal variance. The

threshold for significance was p < 0.05.

Fig. 1. Infectious pancreatic necrosis virus (IPNV) yields in AGK and RTG-2 cells. Virus concentration in supernatants of AGK and RTG-2 cells infected at MOI = 0.1 (A).

Time-course concentrations of virus recovered from cells versus supernatants of RTG-2 and AGK cells are shown by (B) and (C), respectively.
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Fig. 2. Numbers of AGK and RTG-2 cells over time post infection with infectious

pancreatic necrosis virus at MOI of either 0.1 or 10.

3. Results

3.1. Infection of AGK cells with IPNV results in delayed CPE and

higher virus yields compared to RTG-2 cells

Full CPE was observed at 7 days post infection (d.p.i.) in RTG-2

cells compared to 10 d.p.i. in AGK cells. The time course assess-

ment of virus yields harvested from cells or supernatants and then

titrated in CHSE-214 cells showed higher concentrations of IPNV

propagated in AGK compared to RTG-2 cells (Fig. 1A). As expected,

the virus concentration was initially higher in intact cells com-

pared to the supernatants but this became reversed towards full

CPE (Fig. 1B and C). At full CPE, the virus yield in AGK cells was

significantly higher (p < 0.01) than in RTG-2 cells (Fig. 1A–C). In

order to investigate the basis for this difference, the numbers of

cells in infected AGK and RTG-2 cells were counted from day 0

to 6 post infection in parallel wells by using a Countess® Auto-

mated cell counter (Invitrogen). In both cells types, there were

about 1.2 × 106 cells/ml at the time of inoculation (Fig. 2). The

highest average number of infected AGK cells attained was about

3.5 × 106/ml at 3 d.p.i. irrespective of the MOI used. In contrast, the

highest average number of RTG-2 cells was only 1.3 × 106/ml at

1 d.p.i.

3.2. Protein shut down in AGK cells is delayed compared to RTG-2

cells following infection

To find out why it takes longer to achieve full CPE in AGK

compared to RTG-2 cells, protein synthesis following infection

was examined. [35S]Methionine-labelled host protein synthesis

revealed reductions (shutting down of protein synthesis) in both

cell types, but much earlier in RTG-2 cells compared to AGK cells.

In the former, protein shut down started as early as 1 d.p.i. in cells

infected with virus at MOI = 10 (Fig. 3). In these cells, virus syn-

thesis visualized as strong protein bands were observed. At 2 d.p.i.,

the virus bands were stronger in RTG-2 cells while host proteins

were almost completely shut down. In contrast, no reduction in

protein synthesis was observed in AGK cells prior to 5 d.p.i., even in

cells inoculated with MOI = 10 (Fig. 3). However, strong viral pro-

tein bands were visible from 3 d.p.i. onwards irrespective of the

virus MOI used for infection.

3.3. Poly(I:C) transfection prior to infection delays virus growth

in AGK

To address questions of delayed production of viral proteins and

prolonged survival of AGK cells, innate antiviral responses were

examined. Since recombinant interferon-� (IFN-�) of grouper was

not available to us, poly(I:C), a known inducer of IFN-� was used

to transfect cells 24 h prior to infection. The response was assessed

indirectly by monitoring viral bands sequentially by Western blot.

The same was done in RTG-2 cells for comparison. Fig. 4A shows

that no difference was observed in the expression of virus bands

between poly(I:C) transfected and untreated RTG-2 cells. In con-

trast, AGK cells transfected with poly(I:C) exhibited delayed virus

protein expression, with bands first appearing at 4 d.p.i. compared

to 2 d.p.i. in non-poly(I:C)-transfected controls (Fig. 4B). However,

from 4 d.p.i. onwards, no differences between groups was observed,

suggesting that poly(I:C) delays but does not prevent replication of

IPNV in AGK cells.

3.4. Kinetics of Mx expression in AGK cells infected with IPNV

To further examine antiviral responses, the effect of Mx down-

stream of the IFN response was examined. Mx was constitutively

expressed in uninfected control group albeit at low levels (not

shown). In infected cells, the expression exhibited a biphasic induc-

tion pattern with only cells inoculated with virus at MOI = 10

showing significant induction (p < 0.01) at 1 d.p.i. (Fig. 5). Notably,

significant induction was only observed in cells infected with

MOI = 10 while significant down-regulation was in cells infected

with virus at MOI = 0.1 (Fig. 5).

To understand the relationship between Mx expression and

IPNV replication better, cells were infected at MOI = 0.1 and 10,

and the virus was quantified over time post infection. The virus

Fig. 3. Protein shutdown in RTG-2 and AGK cells following infection with infectious pancreatic necrosis virus. Key: VP2, VP3, VP4 = virus proteins; M = marker; d.p.i. = days

post infection; MOI = multiplicity of infection, C = negative control. Newly synthesized proteins were labelled with [35S]Methionine, separated by SDS-PAGE, blotted on PVDF

membrane and imaged using a Typhoon imager.
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Fig. 4. Western blot of infectious pancreatic necrosis virus capsid proteins in AGK cells transfected with poly(I:C) prior to infection. Key: M: marker; 1, 3, 5 = poly(I:C) treated

cells and 2, 4, 6 = untreated controls at indicated time points; pVP2-1, pVP2-2 = precursor proteins of the virus VP2; VP2 and VP3 = virus capsid proteins.

yield recovered from intact cells was assessed sequentially by titra-

tion in CHSE-214 cells. For RTG-2 cells, a difference (higher yields

with MOI = 10 compared to MOI = 0.1) was observed during the

first 3 days only (Fig. 6A). Thereafter, no difference in yields was

observed. In contrast, there was no difference in yields between

groups (MOI = 0.1 or 10) at early times (days 1–5) for AGK cells

(Fig. 6B). At later times (days 5–10) however, higher virus yields in

cells infected with MOI = 0.1 compared to 10 (which was opposite to

the Mx expression (Fig. 5)) was observed. Thus in order to contrast

between the virus quantities better, qRT-PCR was used on samples

collected from days 1 to 5. Fig. 6C shows that at 1 d.p.i., the virus

concentration in intact cells (infected at MOI = 10) was significantly

higher (p < 0.01) than that of MOI = 0.1, coinciding with the expres-

sion pattern of Mx (Fig. 5). However, by day 3, the difference had

evened out while as from day 4 onwards, the virus concentration

was higher in cells infected with MOI = 0.1 than MOI = 10 (Fig. 6C).

3.5. AGK cells over-expressing Mx are protected against IPNV

infection

In order to specifically test the antiviral effects of AGK Mx, the

gene was over-expressed in AGK cells prior to infection with IPNV

and the effect was assessed by IFAT. The Mx protein was fused

with a His tag (detected using anti-polyhistag antibodies) while

IPNV was detected by using anti-IPNV antibodies. The transfec-

tion efficiency was on average relatively low, however the cells

that received the construct were in general protected against IPNV

infection (Fig. 7A) although a few cells co-expressing both Mx

and IPNV were also observed. In contrast, cells over-expressing

the truncated form of Mx (negative control) were not protected

(Fig. 7B).

Fig. 5. Relative mRNA levels of Mx in AGK cells following infection with infec-

tious pancreatic necrosis virus at either MOI of 0.1 or 10 as measured by real-time

quantitative RT-PCR. *Significantly different (at least p < 0.05).

Fig. 6. Infectious pancreatic necrosis virus yields harvested from AGK and RTG-2

cells infected either at MOI 0.1 and 10. Average concentrations of the virus in (A)

RTG-2 cells and (B) AGK cells assessed by titration in CHSE-214 cells. (C) Average

concentrations of the virus in AGK cells assessed by real time RT-PCR. *Significantly

different (at least p < 0.05).
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Fig. 7. Indirect fluorescence antibody test of overexpressed Mx (A) in AGK cells

following infection with infectious pancreatic necrosis virus at 72 h post infection.

(B) Negative control transfected with the truncated form of Mx, note the degree

of double staining. Key: green colour = Mx; red stain = IPNV; yellow/orange = double

staining of IPNV and Mx(A) or its trunchated form(B).

3.6. IPNV-infected AGK cells are less apoptotic than RTG-2 cells

Other factors likely to contribute to cell survival or the lack of it

following virus infection include apoptosis and necrosis. To deter-

mine which one was applicable in AGK and RTG-2 cells infected

with IPNV, the cells were subjected to flow cytometry. At 24 h fol-

lowing infection, a higher percentage of infected RTG-2 cells (9.6%)

underwent apoptosis compared to AGK cells (0.6%) (Fig. 8).

3.7. AGK yields much higher volumes of virus supernatant than

CHSE over the same time period

While the studies above provide some explanation as to why

AGK cells yield a higher virus titre than RTG-2 cells, it has been

shown that titres equivalent to those offered by AGK cells can be

obtained in CHSE-214 cells (Skjesol et al., 2009, own observation).

For this reason we extended this study and compared the growth

capacity of AGK and CHSE-214 cells in 162 cm2 flasks. Both cell lines

were seeded onto 162 cm2 with 3.7 × 106 cells as a start and incu-

bated at their optimum temperatures (28 ◦C for AGK and 20 ◦C for

CHSE-214 cells). AGK cells became confluent and were ready to be

split after 3 days while CHSE-214 only became confluent after 7

days of incubation. AGK cells have a split ratio (SR) of 1:4 and CHSE

are split at 1:3. On this basis we calculated how many flasks can

be obtained after 3 weeks of culture, using the following formula;

number of flasks = SR(no. splits). The number of flasks of AGK after 3

weeks (6 splits) will be 4096, for CHSE 27 flasks (3 splits). This will

be equivalent to 163 840 ml of supernatant for AGK and 1080 ml

for CHSE (40 ml per bottle in a 162 cm2 flask). At a virus yield of

1.0 × 109 TCID50/ml of supernatant (for both) and a vaccine dose of

5 × 108 TCID50/fish, AGK cell production will support the vaccina-

tion of 327 680 fish while only 2160 fish can be vaccinated from

CHSE-grown virus.

4. Discussion

It was shown in this study that AGK cells produce higher

yields of IPNV compared to RTG-2 cells. IPNV titres in excess of

109 TCID50/ml were obtained from the former (Fig. 1), translating

to about 100 times more than the yield of RTG-2 cells and compara-

ble to previous records of CHSE-214 and CHH-1 (Lannan et al., 1984;

Skjesol et al., 2009). When comparing production capacity to CHSE

cells, the higher split ratio and shorter split interval of AGK cells

will give a very marked difference in production capacity. Infected

AGK cells had more than twice the number of RTG-2 cells per unit

volume at confluence (Fig. 2), a difference probably explainable by

their smaller size in comparison with the latter. This means that

AGK cells can reproduce more than RTG-2 cells. It is expected that

the large number of AGK cells provide more cells for the virus to

multiply leading to higher yields.

AGK cells grow more rapidly compared to salmonid cell lines

probably because of their relatively higher physiological and

in vitro temperature tolerance (28 ◦C). Temperature has previously

been demonstrated to induce increase growth rate in mammalian

cells through its effect on the G1 growth phase (Watanabe and

Okada, 1967). AGK cells are split at 1:4, not very different from

CHSE-214 cells (1:3), but they grow confluent in 3 days as opposed

to 7 days (CHSE-214 cells). The effect of higher split ratio and the

shorter split interval demonstrate the advantage these cells have

over CHSE-214 and other similar salmonid cell lines. From a vaccine

production point of view, the effect of shorter splitting intervals

results in a very high number of flasks available for inoculation and

the resulting vaccine volume will differ dramatically.

While the difference in cell numbers between AGK and RTG-2

cells can only account for part of the difference in yields, the rest

can be attributed to individual cells’ virus carrying capacities, likely

facilitated by delayed protein shutdown and delayed/lack of apo-

ptosis in AGK cells. Protein shutdown is a well-known mechanism

employed by cells to protect themselves against virus infections

(McClintock et al., 1986; Guzo et al., 1992; Du and Thiem, 1997). It is

also used by viruses to subvert host antiviral responses (Mazzacano

et al., 1999; Mir and Panganiban, 2008). IPNV has previously been

shown to interfere with host protein synthesis (Skjesol et al., 2009)

although the mechanism has not been clearly elucidated. In this

study, the delay in protein shutdown of AGK cells (Fig. 3) was associ-

ated with high host cell numbers and virus yields. This is in contrast

to the findings of RTG-2 cells where cell multiplication ceased at

1 d.p.i. (MOI = 10) or 2 d.p.i. (MOI = 0.1) (Fig. 2), coinciding with host

cell protein shutdown. Furthermore, apoptosis was detected in

RTG-2 cells by 1 d.p.i. unlike in AGK cells where it was absent at

this time point. Collectively, these findings suggest that delayed

protein shutdown and CPE in AGK cells allows for longer replica-

tion windows that in turn permit increased virus yields, opposite

to what is seen in RTG-2 cells.

The similarities in the trends of protein shutdown of AGK cells

infected with different MOI in this study (Fig. 3) were intriguing

given that the final virus concentrations were different (Fig. 6). This

is opposite to what was seen in RTG-2 cells where shutdown was

enhanced by high MOI and the virus yield ultimately ending up with

the same concentration for both high and low MOI. In AGK cells, the

low expression of Mx, while constitutive, did not inhibit IPNV mul-

tiplication. Infecting cells with high MOI triggered the induction of

Mx leading to reduced final yields. In contrast, inoculation of cells

with low MOI induced only marginal non-significant changes in the

Mx expression, ultimately with higher virus concentrations. Taken

together, these findings support previous reports that the effect of

Mx on IPNV is dose-dependent, the more the expression, the more

its antiviral effects (Lester et al., 2012). Low MOI allows the virus

to multiply without inducing Mx and results in high virus yields.

The production and responsiveness of interferon (IFN) by some

cell types, for example RTG-2 has previously been shown to result

in low virus concentrations while the absence has been linked to

high titres, e.g. in CHSE-214 cells (Dobos and Roberts, 1983). Cellu-

lar IFN is produced by infected cells and acts on neighbouring cells

by inducing the production and release of many interferon stimu-

lated genes (ISGs) including Mx to create an antiviral state (Galligan

et al., 2006). Poly(I:C), a potent inducer of interferon was used in the

present study to transfect both AGK and RTG-2 cells (Fig. 4) (Skjesol

et al., 2009). While no difference between groups was observed in

RTG-2 cells, poly(I:C) transfection initially inhibited virus replica-

tion in AGK cells. These results fit well with those of Mx expression

following IPNV infection with MOI = 10 (Fig. 5) and strengthen the

argument that interferon delays but does not inhibit IPNV multipli-

cation as shown previously (Skjesol et al., 2009). Unfortunately, the



234 L. Chen et al. / Journal of Virological Methods 195 (2014) 228–235

Fig. 8. Flow cytometry analysis of AGK and RTG-2 cells at 24 h post infection with infectious pancreatic necrosis virus. (A) Uninfected AGK control cells; (B) IPNV-infected

AGK cells; (C) uninfected RTG-2 control cells and (D) IPNV-infected RTG-2 cells. Apoptotic cells are strong Annexin V positive while necrotic cells have increased propidium

iodide stain.

genetic sequence of AGK IFN is not known at present, nor are there

tools that can be used to study the interferon response directly

although the anticipation is that the IFN response in AGK cells is

conserved.

IPNV kills infected cells by lysis, referred to as post-apoptotic

necrosis in fish cell lines (Hong et al., 1998, 1999; Santi et al., 2005).

It is not very clear however whether apoptosis is part of the virus

pathogenesis mechanism. At least one report suggests that it is part

of the host cell antiviral mechanisms (Imajoh et al., 2005). In the

present study, more apoptosis was observed in RTG-2 compared

to AGK cells at 24 h p.i. These results are consistent with those of

protein shutdown and support the observation that infected AGK

cells remain viable longer than AGK cells following infection. How-

ever, additional studies are required to document the contribution

of apoptosis or the lack of it to virus yield.

IPNV has been propagated previously in AGK cells in our lab-

oratory for both inactivated whole virus vaccines and challenge

models, achieving strong protection against homologous challenge

in experimental models where mortalities of 84.6% in naïve fish

were obtained (Munang’andu et al., 2012, 2013a,c). This clearly

shows the potential of the AGK cell line used for production of IPN

vaccine antigen.
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Abstract 10 

One of the difficulties facing the success of oral vaccination in fish is the hostile stomach 11 

environment that antigens must cross. Further, uptake of antigen from the gut to systemic 12 

distribution is required for induction of systemic immunity, the dynamics of which are not well 13 

understood. In the present study, groups of Atlantic salmon parr were intubated with live or 14 

inactivated IPNV either orally or anally. At 1, 24 and 72hrs post infection (p.i.) the fish were 15 

sacrificed and serum, head kidney, spleen, liver, anterior and posterior intestinal tissues were 16 

sampled. The serum was used for assessing IPNV by ELISA while tissues were used for antigen 17 

distribution by immunohistochemistry. Both live and inactivated IPNV antigens were observed in 18 

enterocytes of the intestines and in immune cells of the head kidneys and spleens of all groups. In 19 

the liver, no antigens were observed in any of the groups. Significantly higher serum antigen OD 20 



2 
 

values (p<0.04) were observed in orally compared to anally intubated fish. By contrast, no 21 

difference (p=0.05) was observed in tissue antigens between these groups by 22 

immunohistochemistry. No significant difference (p=0.05) was observed in serum antigens 23 

between groups intubated with live and inactivated IPNV while in tissues, significantly more 24 

antigens (p<0.03) were observe in the latter compared to the former. These findings demonstrate 25 

that both live and inactivated IPNV is taken up by enterocytes in the intestines of Atlantic salmon 26 

likely by receptor mediated mechanisms akin to those of HRP or ferritin. Higher IPNV uptake by 27 

the oral compared to anal route suggests that both the anterior and posterior intestines are 28 

important for the uptake of the virus and that IPNV is resistant to gastric degradation of the 29 

Atlantic salmon stomach. 30 

31 

Key words 32 
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34 

Introduction 35 

Oral vaccines are the most desirable preparations for use in the aquaculture industry for several 36 

reasons: they are stress-free, can be mass-applied to fish of any size and are not labour intensive 37 

[1-3]. Despite these advantages, only a few commercial preparations are available on the market 38 

at the moment including those against infectious pancreatic necrosis virus (IPNV), Spring 39 

viremia carp virus (SVCV), infectious salmon anaemia virus (ISAV) and Piscirickettsia salmonis40 

[4;5]. This status quo highlights the market potential for oral vaccines in the aquaculture industry 41 

but also reflects the challenges faced in their development.  42 
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One of the problems associated with oral vaccination of fish is the poor induction of local and 43 

systemic immunity by the vaccines. Indeed oral vaccines come third after injection and 44 

immersion preparations in terms of efficacy [6]. Previous studies suggest that this is a result of a) 45 

antigen destruction from exposure to gastric acids and digestive enzymes in the gut of some 46 

species of fish, b) poor uptake of antigens over the intestinal epithelium and c) induction of 47 

tolerance following oral administration [7;8]. Therefore to resolve some of these obstacles, 48 

several encapsulation formulations with the ability to protect the antigens through the hostile 49 

environment of the stomach have been developed such as alginate beads or microspheres [6;9]. 50 

Nevertheless, even with these formulations, variable results in the vaccination of fish have been 51 

reported with different antigen preparations [9;10]. It is also noteworthy that the assessment in 52 

these studies were done mainly by examining mortalities or survival of fish following challenge 53 

(summarized in [6]) whilst antigen uptake remains poorly understood. In the present study, we 54 

examined the uptake and distribution of IPNV at early time in selected organs following oral and 55 

anal intubation. This has previously not been well documented. Novoa and coworkers attempted 56 

to show the uptake and sequential distribution of IPNV in turbot following intraperitoneal 57 

injection and immersion infection and drew conclusions at tissue level, but failed to document 58 

which cells take up the virus at the portals of entry [11]. 59 

Infectious pancreatic necrosis is a disease caused by IPNV and affects salmonids especially fry at 60 

start feeding, parr during fresh water and post-smolts a few weeks after seawater transfer. IPNV 61 

uptake in fish has in general not been studied in detail since the 1990’s. Available literature 62 

shows that the second gut segment is important for uptake of proteins following both oral and 63 

anal administration [10;12;13]. For IPNV however, Sundh and colleagues found that both 64 

proximal and distal intestines were routes of uptake in Atlantic salmon [14]. In carp, HRP (solid 65 
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phase) is taken up by the receptor mediated route and is sorted into the endolysosomal 66 

compartment and intercellular spaces [7]. Ferritin and LPS (fluid phase) on the other hand are 67 

taken up through the large supranuclear vacuoles and cannot be observed in intracellular spaces 68 

[10;12;13]. How IPNV is taken up is yet unknown and this was the focus of the present study. 69 

Specifically, we investigated sequentially the up-take of IPNV from the intestinal lumen and its 70 

subsequent distribution to lymphoid organs or to the liver of Atlantic salmon.  71 

72 

2. Materials and Methods 73 

This study was approved by the Norwegian Animal Research Authority.74 

2.1 Cell lines and viruses 75 

Asian grouper strain K (AGK) cells [15] were used for the propagation of virus in this study. The 76 

cells were grown in L-15 medium (Invitrogen) supplemented by 7.5% fetal bovine serum as well 77 

as 10% L-glutamine and were incubated at 28 °C. Chinook salmon embryo cells (CHSE-214) 78 

were used for titration of the virus and were maintained at 20 °C in the same medium as AGK 79 

cells but with 10% FBS. When infected with IPNV, only 1% FBS was used in the media of both 80 

cell lines as well as 1 mg/ml of gentamicin. The incubation temperature was then set to 15 °C 81 

until full CPE.82 

2.2 Fish and rearing conditions 83 

Approximately 90 Atlantic salmon parr weighing about 25 g each were procured from Sørsmolt 84 

AS in Sannidal, Norway. The fish were healthy and the hatchery from which they were purchased 85 

had had no previous records of IPNV outbreaks in the three years prior to the study. The fish 86 



5 
 

were transported to the Norwegian University of Life Sciences/Veterinary Institute shared wetlab 87 

in Oslo by road in oxygenated bags. One week following acclimatization, the fish were treated 88 

with formalin (diluted 1:4000 in water) for 30 min against ectoparasites. The fish were then kept 89 

for a further week prior to the onset of the experiment. During the entire experiment the water 90 

temperature was 12 °C.  91 

2.3 Antigen administration/infection of the fish 92 

Infectious pancreatic necrosis virus grown in AGK cells to a titer of 109 TCID50/ml as described 93 

above was used. Inactivation of the virus was done as described by Dixon & Hill (1983). Briefly, 94 

0.5% formalin (w/v) was added to the virus supernatant followed by incubation at room 95 

temperature for 48 hrs with a magnetic stirrer. Formalin was then removed by dialysis against 96 

PBS. To test for inactivation and the presence of residual formalin, fresh CHSE cells were 97 

incubated with excessive amounts of inactivated virus supernatant. No CPE or cellular toxicity 98 

was observed after 7 days. 99 

Prior to treatment of the fish, the feed was with-held for 24hrs. Allocation of the fish into 6 100 

groups was done sequentially by dip netting. Prior to intubation, the fish were anaesthetized by 101 

using Benzocaine at 10mg/L of water.  The virus was administered into the fish by using a 1ml 102 

syringe and tube. Treatment groups comprising 15 fish each were as follows: 1) Live IPNV 103 

administered orally; 2) Live IPNV administered anally; 3) Inactivated IPN administered orally; 4) 104 

Inactivated IPNV administered anally; 5) L-15 medium only administered orally; 6) L-15 105 

medium only administered anally. Each fish received 0.3 ml of the preparation. Marking of the 106 

fish was by fin-clipping and each of the four groups (Live-oral; Live-anal; inactivated-oral; 107 
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Inactivated-anal) was kept in a separate tank. The controls (media only) were kept together with 108 

the inactivated virus groups. 109 

2.4 Sampling 110 

At 1, 24, and 72 hrs post intubation (h.p.i.), 5 fish from each group were sacrificed and sampled. 111 

Samples of blood, liver, spleen, kidney, anterior intestine or mid-gut (immediately caudal to the 112 

pyloric caeca) and posterior intestine or hindgut (1 cm cranial to the anus) were collected. Blood 113 

samples were centrifuged on site and then serum was aspirated and transferred to clean tubes for 114 

storage at -80 °C until required. The rest of the samples were preserved in 10% phosphate 115 

buffered formalin. 116 

2.5 Enzyme-linked immunosorbent assay (ELISA) 117 

In order to assess the amount of IPNV in the blood of the different groups of fish, 96-well plates 118 

were coated with 100 l serum from experimental fish diluted at 1:40 in coating buffer (0.1 M 119 

Carbonate buffer pH9.6). The plates were then incubated at 4 °C overnight. The next morning, 120 

the plates were washed before blocking with 100 l of 5% dry milk for 2 hrs at room temperature. 121 

Unless otherwise stated, all washing steps were done using 200 l of PBST/well. Dry milk was 122 

diluted with PBST while antibodies were diluted with 1% dry milk. Following blocking, the 123 

plates were washed and then incubated with 100 l  of 1:1000 rabbit anti-IPNV antibodies (K95) 124 

[16] at room temperature for 1 hr. Following a washing step, 100 l of secondary antibody, 125 

peroxidase-labelled goat anti rabbit (DAKO; Glostrup, Denmark) diluted at 1:1000 dilution, was 126 

incubated in each well at room temperature for 1 hr. After another washing step, 100 l OPD 127 

substrate was added to each well and incubated at room temperature for 15 min. The reaction was 128 
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then stopped by adding 50 l/well 1M H2SO4. OD values were detected by using an ELISA 129 

reader at 492 nm absorbance.             130 

2.6 Immunohistochemistry 131 

Staining of tissues was carried out as described by Evensen and Lorenzen 1996 [17]. Briefly, 132 

after de-paraffinization and rehydration, tissue sections were blocked with 5% BSA (Sigma 133 

Aldrich) diluted in 1 M Tris buffer solution (TBS) pH 7.6 for 30 min. Subsequently, 150 l of 134 

rabbit anti-IPNV serum (K95) diluted at 1:1000 in 2.5% BSA was added to each slide. After 135 

incubating for 30 min at room temperature, the slides were washed. All washing steps were 136 

carried out using 1 M Tris-buffer pH 7.6 with 1% Tween 20. Biotinylated goat anti-rabbit 137 

antibody (DAKO; Glostrup, Denmark) was then added for 30 minutes. After washing, 138 

streptavidin alkaline phosphatase (Sigma-Aldrich) was added and incubated for 30 min.  139 

Following washing, fast red substrate (Sigma-Aldrich) was added to each slide and incubated for 140 

10 min. The reaction was stopped by immersion of slides in running tap water for 5 min. 141 

Counterstaining was carried out using Hematoxylin dye for 2 min and then washing in tap water. 142 

After mounting with glycerol, the slides were observed under a light microscope.  143 

2.7 Statistical analysis.  144 

Differences in antigen scores as detected by ELISA between groups were analyzed by a two-145 

tailed Student’s t test assuming populations of equal variance. To analyze differences between 146 

treatment types (live versus inactivated) and routes of intubation (oral versus anal) on the 147 

response (antigen present/not present as detected by immunohistochemistry), Fisher’s exact test 148 

was used with the help of the JMP® statistical software [18]. 149 

150 
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3. Results 151 

At 1 hr following intubation with live virus, 2/5 fish in the anally intubated group and 3/5 fish in 152 

the orally intubated group died prematurely and were excluded from analysis. Therefore the 153 

numbers of samples collected at this time point were reduced accordingly. All five fish from each 154 

group were sampled from the rest of the time points. 155 

156 

3.1 Higher IPNV antigens were detected in orally- compared to anally-intubated fish by 157 

ELISA158 

No antigens were present in the control fish. The OD values for treatment exhibited three trends: 159 

1) an increase in IPNV antigens in the serum of all groups from 1 to 24 hrs post intubation (h.p.i.) 160 

followed by a decrease; 2) Higher serum antigens (p<0.04) in groups intubated orally (live and 161 

inactivated) compared to those intubated anally (Fig. 1); 3) A higher trend of serum antigens in 162 

live groups compared to inactivated ones albeit non-significantly. Another notable contrast was in 163 

the group intubated anally with inactivated IPNV whose OD values were consistently low at all-164 

time points, being comparable to the negative controls (p=0.05).  165 

166 

3.2 Detection of IPNV antigens in different tissues by immunohistochemistry 167 

Table 1 shows the number of fish in which positive antigens were demonstrated by 168 

immunohistochemistry in different groups while Table 2 is a summary of the results by organ 169 

distribution. Significantly more antigens (p<0.03) were observed in fish intubated with 170 

inactivated virus compared to those with live virus when all tissues in each group were summed 171 

up.172 

173 
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The number of fish per group in which antigens were demonstrated is shown in Table 2. No 174 

antigens were detected from the anterior intestine of any of the groups. In contrast, antigens were 175 

observed in the posterior intestine of some of the fish intubated both orally and anally with 176 

inactivated IPNV from 1 hour post intubation (p.i.) onwards. In general, more antigens were 177 

observed in fish intubated with inactivated antigens than live virus (p<0.03) although the loss of 178 

some fish at the start of the experiment might have affected this result (Table 1). No difference 179 

between intubation routes was observed.  180 

181 

Antigens were observed in the posterior intestine of the inactivated virus groups (both anally and 182 

orally) at 1hr and 72 h.p.i. The antigens were located in the cytoplasm of enterocytes and 183 

macrophage-like cells (Fig. 3a). 184 

185 

In immune organs (head kidney and spleen), more antigens were observed in immune organs of 186 

fish intubated with inactivated antigens compared to those with live IPNV. The antigens were 187 

observed at all-time points and were localized in macrophages and melanomacrophages (Fig. 3b).  188 

189 

No IPNV antigens were observed in the livers of any of the fish groups. 190 

191 

4. Discussion 192 

In the present study, the uptake of IPNV by enterocytes in the posterior intestine, the 193 

hematogenous distribution and localization in head kidney and spleen of Atlantic salmon were 194 

demonstrated. Both live and inactivated IPNV antigens were observed in the cytoplasm of 195 

enterocytes and macrophage-like cells as early as 1 hr post intubation. The antigens were also 196 

observed in the named organs at 72 h.p.i. To our knowledge, this is the first report to document 197 



10 
 

the uptake of this virus both live and inactivated from the lumen of the intestines. The 198 

anticipation is that the mechanisms involved are similar to that of HRP or ferritin as reported by 199 

others [7]. These findings support previous reports that the intestine is important for absorption of 200 

macromolecules in fish [13]. Although no antigens were demonstrated in the anterior intestine in 201 

the present study, the higher serum antigens in orally intubated groups compared to their anal 202 

counterparts as assessed by ELISA suggest that the anterior intestine as well as the foregut may 203 

be important in the uptake of IPNV as suggested by some [13] while contrasting others [7;13]. 204 

205 

Orally administered antigens are believed to be depleted by the time they get to the posterior 206 

intestine due to the negative actions of the stomach environment [7;13]. In the present study, anal 207 

intubation of antigens was included to contrast the oral in order to test this effect. More antigens 208 

were observed in fish intubated orally compared to anally (p<0.04) in contrast to the findings of 209 

others [7;13]. These results suggest that IPNV is resistant to the low pH and digestive enzymes 210 

found in Atlantic salmon stomach. This is hardly surprising given that IPNV is well known to 211 

resist chemical and even thermal treatments [19-21].  212 

213 

The uptake of live IPNV was in general comparable to that of the inactivated virus administered 214 

orally as measured either by ELISA or immunohistochemistry. This is despite the fact that the 215 

live virus has the capacity to multiply and increase in the fish within the time frame of this study. 216 

These findings are consistent with reports of others [22;23], offers support to receptor-mediated 217 

uptake suggesting that formalin inactivation of IPNV does not significantly alter its surface 218 

structure, thereby allowing the virus to be taken up as efficiently. When it comes to anally 219 

administered inactivated IPNV however, it is noteworthy that the serum antigens were low at all-220 

time points.  221 
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222 

In the present study, antigens of both live and inactivated virus intubated either orally or anally 223 

were observed in the head kidney and spleen of the fish from 1hr to 72 hrs. Antigens were 224 

localized in the cytoplasm of erythrocytes, macrophage-like cells as well as melanomacrophages. 225 

The presence of antigens in these cells is in line with previous reports of antigen retention in 226 

immune organs [24]. The headkidney and spleen of fish are antigen-trapping organs that filter out 227 

systemic antigens with melanomacrophage centres serving as focal repositories and may be 228 

primitive analogues of germinal centres of lymph nodes [25;26].  Melanomacrophage centres 229 

contain lymphocytes and are probably sites where immune activation of trapped antigens occurs 230 

[27].  231 

232 

No IPNV antigens were observed in the liver of any groups in the present study. These findings 233 

are in agreement with our previous work [28] but contrast the report of others [11]. The reason 234 

for this difference is likely methodological as immunohistochemistry were used in our studies 235 

while virus re-isolation from cellular fractions was used in the latter. Furthermore, the fish 236 

species and probably virus strains were also different.  Since salmonid liver, unlike the spleen and 237 

kidney, receives mostly venous blood from the gut [29-31] and plays a role in the digestion and 238 

removal of toxins from the blood, one would expect that all antigens taken up by the intestine 239 

would be observed in this organ. This negative result therefore suggests that hepatocytes might 240 

not be readily susceptible to IPNV and this view auger well with previous reports that the liver is 241 

one of the last organs to be compromised following IPNV infection [28]. 242 

243 
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Figure legend335 

Figure 1 336 

Infectious pancreatic necrosis virus in the serum of different groups of Atlantic salmon at 337 

different time points following intubation. ELISA. *significantly different (p<0.05) from the 338 

control.339 

Figure 2 340 

Contingency table analysis of the response of Atlantic salmon to administration of infectious pancreatic 341 

necrosis virus. A) Comparison between routes of administration and B) Comparison between virus 342 

treatments. Key: 0= no antigens detected; 1= antigen detected in the fish; Oral: n= 27; Anal: n= 28; Live 343 

virus: n= 25; Inactivated virus: n=30. 344 

Figure 3 345 

Infectious pancreatic necrosis virus antigens (red stain) in different tissues of Atlantic salmon at 346 

designated time points following oral or anal intubation. Immunohistochemistry. A) Posterior intestine, 347 

inactivated IPNV at 72 hrs post oral intubation; B) Head kidney, inactivated IPNV at 72 hrs post oral 348 

intubation; Key: E=enterocytes; MØ = macrophages; MMØ= melanomacrophages. X40 magnification. 349 

350 

351 
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Table 1.  1 

Proportion of fish showing infectious pancreatic necrosis virus staining in different organs 2 

following intubation with either live or inactivated virus. 3 

Treatment 

 

Route of 

intubation 

 

Time (hours post intubation) 

1 24 72 

Live virus 
Oral 0/2 1/5 3/5 

Anal 3/3 0/5 0/5 

Inactivated virus 
Oral 4/5 1/5 1/5 

Anal 4/5 3/5 4/5 

4 

5 
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Table 2.  6 

Number of fish with positive staining for infectious pancreatic necrosis virus antigens in different 7 

tissues following intubation.  8 

Tissue Time 
Live virus 

 

Inactivated virus 

 

 
(hours p.i.) 

Anal 

intubation 

Oral 

intubation 

Anal 

intubation 

Oral 

intubation 

Posterior 

intestine 

1 0* 0** 1 1 

24 0 0 0 0 

72 0 0 1 1 

Liver 

1 0* 0** 0 0 

24 0 0 0 0 

72 0 0 0 0 

Head  

kidney 

1 3* 0** 2 3 

24 0 1 2 0 

72 0 3 3 0 

Spleen 

1 2* 0** 1 2 

24 0 0 3 1 

72 0 0 2 0 

*n=3; **n=2 otherwise n=5. 9 

 10 
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Abstract 17

The objective of the present study was to assess the effect of alginate-encapsulated 18

infectious pancreatic necrosis virus antigens in inducing the immune response of 19

Atlantic salmon as booster vaccines. One year after intraperitoneal injection with an 20

oil-adjuvanted vaccine, post-smolts were orally boosted either by 1) 21

alginate-encapsulated IPNV antigens (ENCAP); 2) soluble antigens (UNENCAP) or 3) 22

untreated feed (control). This was done twice, seven weeks apart. Sampling was done 23

twice, firstly at 7 weeks post 1st oral boost and the 2nd, at 4 weeks after the 2nd oral 24

boost. Samples included serum, head kidney, spleen and hindgut. Serum antibodies 25



2

were analyzed by ELISA while tissues were used to assess the expression of IgM, IgT, 26

CD4, GATA3, FOXP3, TGF-  and IL-10 genes by quantitative PCR. Compared to 27

controls, fish fed with ENCAP had a significant increase (p<0.04) in serum antibodies 28

following the 1st boost but not after the 2nd boost. This coincided with significant 29

up-regulation of CD4 and GATA3 genes. In contrast, serum antibodies in the 30

UNENCAP group decreased both after the 1st and 2nd oral boosts. This was associated 31

with significant up-regulation of FOXP3, TGF-  and IL-10 genes. The expression of 32

IgT was not induced in the hindgut after the 1st oral boost but was significantly 33

up-regulated following the 2nd one. CD4 and GATA3 mRNA expressions exhibited a 34

similar pattern to IgT in the hindgut. IgM mRNA expression on the other hand was 35

not differentially regulated at any of the times examined. Our findings suggest that 1) 36

Parenteral prime with oil-adjuvanted vaccines followed by oral boost with ENCAP 37

results in augmentation of the systemic immune response; 2) Symmetrical prime and 38

boost (mucosal) with ENCAP results in augmentation of mucosal immune response 39

and 3) Symmetrical priming and boosting (mucosal) with soluble antigens results in 40

the induction of systemic immune tolerance. 41

 42 
Keywords: Oral vaccine, IPNV, alginate, boost, immune response 43
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1. Introduction 44

Infectious pancreatic necrosis is an important disease of salmonids responsible for 45

great economic losses in the aquaculture industry. It is characterized by loss of 46

appetite, darkened skin pigmentation, distended abdomen and mortalities ranging 47

from negligible to almost 100%. Histopathologically, necrosis of pancreatic acinar 48

cells, multifocal hepatic necrosis and acute catarrhal enteritis are commonly observed 49

[1,2]. The causative agent is infectious pancreatic necrosis virus (IPNV), a double 50

stranded RNA virus belonging to the family Birnaviridae and genus Aquabirnavirus51

where it is the type species. 52

 53 

Control of IPN is by vaccination and oil-based vaccines have earned their place in the 54

market mainly because of their contribution to the control of bacterial diseases in the 55

late 80s and early 90s in Norway. The efficacy of these vaccines against diseases 56

caused by intracellular pathogens such as viruses however remains equivocal, thus the 57

need for the continued search for more effective vaccines. 58

 59 

The most desirable vaccines for higher vertebrates and even more so for fish are those  60

delivered orally because of the ease with which they are administered; are stress-free; 61

applicable to smaller fish and are less labour-intensive [3]. Their usage in the 62

aquaculture industry has however been under-exploited because of their poor 63

performance in comparison with injectable and immersion counterparts. Some of the 64

challenges associated with orally delivered vaccines include poor antigen delivery and 65

uptake, degradation during passage through the digestive tract and induction of 66

tolerance [4,5]. Nevertheless, a report of good protection in fish vaccinated with 67

encapsulated DNA plasmids has recently been published [6]. Unfortunately, 68
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legislation in most countries at the moment precludes the use of DNA vaccines in 69

food animals [7,8].70

 71 

One of the challenges faced by vaccination of fish is the duration of protection 72

conferred by different preparations. As already mentioned, oil-based vaccines induce 73

long lasting protection against several bacterial pathogens but this could be at the cost 74

of severe side effects [9]. For viral diseases including IPN, most products on the 75

market do not give satisfactory protection probably because of their failure to induce 76

sufficiently high antibody titers required prior to challenge [10]. Boosting is a good 77

alternative for enhancing or extending protection as shown for lactococcosis [11]. The 78

effect of boosting against IPNV in particular and oral vaccination in general is 79

however not well understood. The main purpose of the present study therefore was to 80

assess the effect of alginate-encapsulated IPNV in stimulating the immune system of 81

Atlantic salmon as a booster vaccine.  82

83

2.0 Results 84

2.1 Intake of oral boost feeds and IPNV antigen dose 85

The average weight of the fish during the primary and secondary oral boost feeding, 86

the feed intake and antigen dose are shown in Table 1. As targeted, the average 87

antigen dose administered during each of the boost periods was about 1×10988

TCID50/fish. However, due to the doubling in the fish weight between the two boost 89

periods, the dose per kg of fish body weight during the second boosting was almost 90

half that during the first (Table 1).  91

92
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2.2 Antigen retention in head kidneys and hindguts 93

To estimate the amount of antigen taken up and retained both locally and systemically 94

in each group, qPCR was used targeting hindgut and head kidneys tissues to examine 95

retained antigens at the time of sampling (7 weeks and 4 weeks following the 1st and 96

2nd boosts, respectively). The head kidney was used to represent the systemic 97

compartment since this is one of the main antigen trapping organ for blood-borne 98

antigens in fish [12].99

100

The results show that more mRNA of IPNV (used as a surrogate of antigens) were 101

retained in the encapsulated (ENCAP) versus unencapsulated (UNENCAP) groups at 102

both time points (Fig. 1). In the head kidney, a significant increase in antigens 103

retained from the 1st to the 2nd sampling was observed in both groups. A similar trend 104

in the ENCAP group was observed in hindgut while for the UNENCAP group, no 105

difference between sampling times was observed (Fig. 1).   106

107

2.3 Oral boosting with alginate-based antigens induces a systemic but transient 108

IgM antibody response 109

Since all experimental fish had previously been vaccinated with an oil-based vaccine 110

that contained IPNV antigens, all the fish had relatively high specific background 111

antibodies as expected. The un-boosted group (control) was used as the baseline for 112

comparison with boosted groups. 113

114

In general, the response of antibodies in boosted groups showed a reverse trend over 115

time compared to that of antigens (Fig. 1&2). In the group boosted with ENCAP, the 116

antibody response was significantly higher (p<0.04) than the control following the 1st117
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boost (Fig. 2). At 4 weeks following the 2nd boost however, the antibodies had 118

returned to background levels. In the UNENCAP group, no difference was observed 119

compared to unboosted controls during the 1st sampling while the antibodies were 120

significantly suppressed (p<0.02) following the 2nd boost (Fig. 2). 121

122

2.4 The systemic immune response is predominantly Th2 123

The induction of antibodies in the ENCAP group was suggestive of a predominantly 124

humoral response. Thus to verify this, we examined the expression of CD4 and 125

GATA-3 genes that are known to be associated with Th2 responses, in the head 126

kidney and spleen.  127

128

At both 7 weeks post primary- and 4 weeks post-secondary boost, the ENCAP group 129

had significantly higher CD4 expression (p<0.04) in both the head kidney and spleen 130

compared to other groups (Fig. 3a). In contrast, this gene was suppressed in the 131

UNENCAP group at the 1st sampling albeit non-significantly. At the 2nd sampling, 132

this gene was significantly suppressed (p<0.01) in this group. In the ENCAP group, 133

the expression of GATA3 was significantly up-regulated (p<0.04) at both time points 134

in the head kidney and spleen, consistent with the results of CD4 while in the 135

UNENCAP group, these genes were not induced (Fig. 3b).  136

137

2.5 The gut mucosal response is also Th2 and is primarily primed by the oral 138

route 139

To assess the gut mucosal response, we examined the expression of IgT mRNA since 140

antibodies are not available to us. In addition, mRNA expression of IgM, CD4 and 141

GATA3 genes were also assessed. 142

143
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After the 1st oral boost, marginal but non-significant inductions of IgT were observed 144

in both the ENCAP and UNENCAP groups compared to the control (Fig 3c). At 4 145

weeks following the 2nd boost, the expression increased in both groups but more 146

significantly (p<0.01) in the ENCAP compared to UNENCAP group. Interestingly, 147

CD4 and GATA3 expression in this organ had a similar pattern to IgT (Fig. 3a&b), 148

especially for the ENCAP group. Conversely, CD4 and GATA3 expression of the 149

UNENCAP group were generally not induced at both time points. The expression of 150

IgM in the hindgut was not differentially expressed in all groups at all-time points 151

examined (Fig. 3d). 152

153

The assessment of IgT expression was extended to the head kidney and spleen where 154

at all-time points and in all groups, this gene was not differentially expressed. The 155

only exception was in the head kidney of the ENCAP group, at 4 weeks following 2nd156

boost (Fig. 3c), where it was significantly up-regulated (p<0.03). 157

158

2.6 Repeated oral administration of IPNV antigens results in decreased serum 159

antibodies but not in the hindgut of Atlantic salmon 160

The reduction in serum antibodies following administration of antigens can be due to 161

consumption [10,13]. Thus in order to check whether this was the case in the present 162

study, we examined the transcript levels of IgM. Fig. 3d shows significant 163

down-regulation of B cell IgM transcripts both in the kidneys (p<0.01) and spleen 164

(0.001) of the UNENCAP group from the 1st to the 2nd samplings. A similar change 165

was observed in the spleen of the ENCAP group (p<0.01) but without any differential 166

regulation in the kidney. 167

168
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In order to gain insight into the suppression of antibody production by B cells in the 169

UNENCAP group, we examined the expression of forkhead box protein 3 (FOXP3), 170

TGF-  and IL-10.171

172

Consistent with the reduction/suppression of antibodies in the UNENCAP group at 4 173

weeks following 2nd boost, the expression of FOXP3, TGF-  and IL-10 were all 174

significantly up-regulated (p<0.003, 0.035 and 0.0048, respectively) in the kidneys of 175

this group (Fig. 4a-c). In contrast, no differential expressions of either of these genes 176

were observed in any of the groups after the 1st boost or in the spleen. 177

178

In the hindgut, FOXP3 was only induced in the UNENCAP group after the 2nd boost 179

(Fig. 4a) while both TGF-  and IL-10 were significantly induced in both ENCAP and 180

UNENCAP groups (p<0.02 and 0.01 for TGF-  and p<0.01 and 0.01 for IL-10, 181

respectively). 182

183

3. Discussion 184

The findings of the present study demonstrate that oral boosting of Atlantic salmon 185

following parenteral injection with alginate encapsulated IPNV antigens induces both 186

systemic and mucosal (gut) humoral responses. The significant up-regulation of CD4 187

(p<0.02) and GATA-3 (p<0.04) genes in the head kidneys and spleens of the ENCAP 188

group (Fig. 3) fit very well with the induction of serum antibodies and point towards a 189

predominantly T-helper 2 (TH2) response. In higher vertebrates, the intestinal mucosa 190

contains high basal levels of IL-4, IL-10 and TGF  that are induced shortly after oral 191

vaccination [14]. This micro-environment is thought to tip responses of oral vaccines 192

towards TH2 [4]. Furthermore, the main mechanism of action of alginate encapsulated 193
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antigens has been proposed to be biased towards TH2 responses [15–18]. These194

findings are consistent with reports of others using different antigens [19,20] and 195

suggest that oral boosting with alginate encapsulated antigens holds promise as a 196

means of augmenting immune responses against IPN. One limitation of this study is 197

that the fish were not challenged following vaccination and therefore the protective 198

effects of the responses could not be tested but should be a subject for future studies.199

200

There are conflicting reports when it comes to protection against disease using orally 201

administered vaccines, with some reporting success [6,11,20] while others found little 202

or no difference from controls [17]. Several reasons can be attributed to these 203

variations including the nature of antigens used, formulation of oral preparations, 204

immune response generated versus that desired etc. In the present study, the fish were 205

not challenged following vaccination owing to logistical constraints. While this 206

should be a subject for further studies, it is known from a previous study that high 207

antibody titers against IPNV at the onset of challenge correlate with protection of the 208

fish [10]. It is not unlikely therefore that the augmentation of the immune response in 209

the present study may have been associated with protection. 210

211

It has previously been reported that oral vaccination results in transient antibody 212

response lasting typically 3 weeks post vaccination [20–22], and most of the studies 213

address parenteral/oral combinations or vice-versa. However, very few studies have 214

examined the effect of repeated oral vaccination. In the present study, reductions in 215

serum antibodies following two oral vaccination (7 weeks apart) was observed in the 216

both the ENCAP and UNENCAP groups after the second oral boost. This is 217

consistent with the findings of others who used a similar administration regime (5 218
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days of oral vaccine administration per month) [17]. In the same study however, 219

administering the oral vaccine at a rate of 3 days/week for 2 months resulted in 220

progressive increase in antibody titers over time. Together, these findings suggest that 221

modality by which oral vaccines are administered can determine whether a booster 222

effect or tolerance ensues. The low CD4 expression in the UNENCAP group in the 223

kidney and also its decline in the ENCAP group concurrent with the lack of induction 224

of GATA3 and IgM expression in the present study is however intriguing. It is 225

tempting to speculate that this could point towards anergy as discussed further below.  226

227

The induction of the systemic response as measured from serum antibodies and 228

immune gene expression in the kidney of the ENCAP group following the 1st oral 229

boost is in line with previous reports [20,22]. The fact the 1st oral boost did not induce 230

a corresponding change in the mucosal response as measured by gene expression in 231

the hindgut suggests that injection vaccination does not activate mucosal immunity, in 232

common with findings of others [20]. Furthermore, these results (Fig. 3a-c) suggest 233

that in this study, the 1st oral boost served as a “prime” to the mucosal response while 234

the 2nd one “boosted” it. Interestingly, oral boosting had no effect on the IgM 235

expression in the hindgut, a difference from what others have observed assessing 236

mucosal antibodies [20]. The ability of orally administered antigens to stimulate both 237

systemic and mucosal immune responses on one hand and parenteral vaccination 238

inducing only a systemic response demonstrate asymmetrical responses of immune 239

induction as previously observed in mice [23].240

241

One of the challenges of oral vaccination in fish is the induction of tolerance. This has 242

been shown to be easily induced with soluble antigens [21]. In the present study, 243
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tolerance was induced by two booster administration of encapsulated IPNV antigen 244

(UNENCAP) feeds (Fig. 2). In higher vertebrates, tolerance is the default immune 245

pathway in mucosal surfaces and is related to the dose of antigens given, i.e. high 246

doses lead to anergy/deletion while the opposite leads to regulatory T cells (Treg) 247

induction [24]. The suppression of antibodies in the present study coupled with the 248

induction of FoxP3, TGF-  and IL-10 (Fig. 4) suggests the involvement of both 249

mechanisms. In higher vertebrates, FOXP3 is a key transcription factor of regulatory 250

T cells (Tregs) while TGF-  is known to induce T cells including Tregs [24,25]. IL-10 251

on the other hand is an anti-inflammatory cytokine that has been shown to contribute 252

towards the induction of immune tolerance [24]. These genes have also been 253

described in fish although their functions relative to immune tolerance remain to be 254

characterized. 255

While the induction of tolerance may be testimony that much of the un-encapsulated 256

IPNV antigens were taken up, meaning they survived the hostile acidic environment 257

in the stomach, this finding underlines the importance of encapsulation as an aid to 258

stimulating the immune response of fish. It is noteworthy that the doses of vaccines 259

administered during the 2nd boost were lower per body weight of fish compared to the 260

1st boost since the fish had gained weight by the time they received the second boost. 261

The effect of this was not addressed but should be a subject of future studies.  262

263

Finally, the findings of the present study can be summarized as follows: 1) Parenteral 264

prime with oil-adjuvanted vaccine followed by oral boost with ENCAP results in a the 265

augmentation of both the systemic and mucosal immune responses; 2) Mucosal (gut) 266

immunity is primarily primed by oral administration of antigens; 3) Oral prime and 267

boost with ENCAP results in transient augmentation of mucosal immune responses 268
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and 4) Oral priming and boosting with UNENCAP results in the induction of 269

tolerance.270

271
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4.0 Materials and Methods 272

This study was approved by the Norwegian Animal Research Authority. Prior to 273

sampling, the fish was anaesthetised with Finquel® (Scanvacc) at 100 mg/L in order 274

to prevent suffering.275

276

4.1 Cell culture  277

Asian grouper strain K (AGK) cells and Chinook salmon embryo cells (CHSE-214; 278

ATCC CRL-1681) [26] were maintained with L-15 medium (Invitrogen) 279

supplemented with 10% L-glutamine and 1 l/ml of gentamicin. In addition the 280

medium used with the former also contained 7.5% fetal bovine serum (FBS) and these 281

cells were kept at 28°C while the medium for CHSE cells contained 10% FBS and the 282

cells were maintained at  20 °C. 283

284

4.2 Fish 285

The experiment was conducted at EWOS Innovation AS facilities in Dirdal, Norway. 286

Healthy Atlantic salmon growers reared in sea water were used. The fish had been 287

vaccinated with ALPHA JECT micro® 6 (PHARMAQ) about a year prior to the first 288

boost treatment and were kept at a water temperature of 12°C throughout the 289

experimental duration.  290

291

4.3 Vaccine preparations 292

4.3.1 Antigen preparation 293

A recombinant Sp strain of IPNV (rNVI-15PTA) [10] was used and was prepared as 294

reported previously (Chen et al., 2013). Briefly, approximately 80% confluent AGK 295

cells maintained in L15 media as described above but with 2% FBS were inoculated 296
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with IPNV using MOI=0.1 followed by incubation at 15° C. Note: CHSE or RTG-2 297

cells can be used as alternatives in the absence of AGK cells, with post-culturing 298

concentration to increase virus amounts if necessary. The virus was harvested 299

following full CPE by centrifugation of the suspension at 2500 x g followed by 300

recovery of the supernatant. Titration of the virus was by end point dilution and the 301

titer measured using the Spearman–Karber’s 50% tissue culture infectious dose 302

(TCID50) in CHSE-214 cells. 303

304

The virus was inactivated with formalin (0.5% final concentration equal to 0.2% 305

formaldehyde) at room temperature for 48 hours with continuous stirring using a 306

magnetic stirrer. Thereafter formalin was removed by dialysis. Inactivation was 307

confirmed by inoculating confluent CHSE-214 cells while formalin residual effects 308

were tested by incubating cells with excessive inactivated virus and assessing for 309

toxicity.  310

311

4.3.2 Antigen encapsulation and feed preparation 312

The treatment groups of this study comprised either of the following feeding regimes: 313

1) untreated feed (control); 2) feed containing unencapsulated IPNV (in suspension); 314

3) feed containing alginate-encapsulated IPNV antigens.  315

316

Oral boost feeds (OBFs) were prepared by applying an oil mixture (OM) to Ewos 317

Opal 200 base pellet (BP) in a vacuum infusion coating process. OMs were 318

formulated by mixing IPNV Ag suspension (109 TCID50/g), phosphate buffered saline 319

(PBS), (2.70×1010 TCID50/g) with fish oil. Mixing was performed by using a 320

high-performance disperser (Model T25, IKA® Werke GmbH & Co., Germany) at 321
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ambient temperature. The OBF were composed with the aim of generating feeds with 322

an antigen level of 4.01×107 TCID50/g. This level was selected due to an expected 323

daily feed intake of 3.56g/fish during the first oral boost period. For the same reason, 324

the targeted antigen level in the second OBF was 2.99×107 TCID50/g. Control feeds 325

were produced by mixing PBS with fish oil in advance of applying to BP in the 326

vacuum infusion coating process.  327

328

4.4 Trial design and oral boosting 329

As part of a larger study examining responses of Atlantic salmon to different alginate 330

formulations, 360 healthy Atlantic salmon weighing approximately 200g each were 331

distributed by dip netting and sequential allocation into 9 circular 500L tanks 332

containing sea water 10 weeks prior to the start of the primary oral boost. A 333

description of the fish is given in section 4.2. The tanks were randomly divided into 334

three groups (Unencap, Encap, and Control), with three tanks being assigned to each 335

group (Figure 5).  336

337

The fish were fed with Ewos Opal 200 diet for 10 weeks prior to the first boost and 338

also until the second boost. All fish groups were fed ad-libitum. During primary 339

boosting, normal feed was replaced by OBFs for 7 days. After 7 weeks, the fish were 340

sampled. Sampling was performed on 10 fish from each tank by first anaesthetizing 341

the fish with Finquel® (Argent Laboratories) at 100mg/L. The following samples 342

were collected, blood in heparin tubes for serum extraction; head kidney, spleen and 343

hind gut in both RNAlater® (Invitrogen) and formalin.  344

345
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Following sampling, a secondary boost was performed as described above. From then 346

on, the fish were fed with Ewos Opal 500. The second sampling was done 4 weeks 347

after the secondary boost.  348

349

4.5 Feed intake assessment 350

Unconsumed feed was collected during both boost periods to calculate feed intake. 351

Uneaten pellets were spilled out of the tanks within 10 min post feeding and filtered 352

off from the outlet water using an automatic collection system. Residual pellets were 353

removed from the filters and put into a drying cabinet for 24 h at 70 °C. Amount of 354

feed consumed was calculated as the difference between the dry weight of the feed 355

served and the dry weight of unconsumed feed, expressed as the mass of feed per 356

week per fish. 357

358

359

4.7 Enzyme-linked immunosorbent assay (ELISA) 360

Blood samples were centrifuged at 2500 x g for 10 min immediately after sampling. 361

Thereafter, the serum was aspirated and transferred to new tubes that was the kept at 362

-80°C until required.  363

ELISA was done as previously described [26] with minor modifications. Briefly, the 364

wells of ELISA plates (Immunoplates, Nunc Maxisorb, Denmark) were coated with 365

100 l of polyclonal anti-IPNV [27] diluted 1:2000 in coating buffer (0.1M Carbonate 366

buffer pH9.6) and then incubated at 4 °C overnight. The plates were washed prior to 367

the incubation of 200 l of 5% dry milk per well for 2 hrs at room temperature. All 368

washing steps were done in triplicate with 200 l PBST/well, all dilutions were with 369

1% dry milk and all incubation was at room temperatures unless otherwise stated. 370
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After washing, the wells were incubated with 100 l of IPNV supernatant (108371

TCID50/ml) for 2 hours. Following another washing step, serum samples diluted 1:40 372

were then added to the wells and then incubated at 4 °C overnight. After washing, 373

100 l of mouse antibody against rainbow trout IgM [28] diluted in 1:5000 was 374

incubated for 2 hours. Following another wash, 100 l of a 1:1000 dilution of 375

peroxydase conjugated anti-mouse Ig (DAKO, Denmark) was incubated in each well 376

for 1 hour. 100 l of OPD substrate  (O-phenylenediamine dihydrochloride, DAKO) 377

diluted in water was added to each well after washing. This reaction was incubated for 378

15 min following which the reaction was stopped by the addition of 50 l/well 1M 379

H2SO4. Results were analyzed by using an ELISA reader (TECAN, Genios) at 380

492nm.381

382

4.8 RNA isolation and quantitative real-time RT-PCR 383

Total RNA was isolated by using the RNeasy Plus minikit (Qiagen) according to the 384

manufacturer’s instructions, and the concentration of RNA was determined by using 385

the Nanodrop ND1000 (NanoDrop Technologies).  386

387

Quantitative PCR was performed by using QuantiFast SYBR Green RT-PCR Kit 388

(Qiagen) and the LightCycler 480 system (Roche). For each gene, 50 ng of RNA was 389

used as a template in a mixture of specific primers (250 M) (Table 2) and QuantiFast 390

SYBR Green RT-PCR master mix in a total volume of 20 l. The mixtures were first 391

incubated at 50°C for 10 min, then 95°C for 5 min, followed by 40 amplification 392

cycles (10 s at 95°C; 30 s at 60°C and 8s at 72°C). The sequences of primers used are 393

given in Table 2.  394
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The 2- CT method was used to calculate the gene products as described elsewhere [29]395

and is the relative mRNA expression representing the fold induction over the control 396

group. All quantifications were normalized to -actin.397

398

4.9 Statistical analysis  399

The amount of feed intake for the three groups, gene expression and Elisa results were 400

analyzed using Student’s t test. F test was used to determine if the variances of 401

population were equal or not. The threshold for significance was p<0.05 for both 402

Student’s t test and F test. 403
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Figures Legends 510

Figure 1. Infectious pancreatic necrosis virus (IPNV) mRNA expressed by real time 511

RT-PCR in selected organs of Atlantic salmon following oral boost with different 512

antigen preparations. This assay was used as a surrogate marker of retained 513

formalin-inactivated IPNV antigens in the present study. All fish were vaccinated 514

with an oil-based vaccine one year prior to the start of this study. The control fish 515

received no booster oral antigens. n=30; *statistically significant p< 0.05. 516

517

Figure 2. Infectious pancreatic necrosis virus-specific serum antibody levels in orally 518

boosted groups of Atlantic salmon relative to un-boosted controls. Antibodies were 519

assessed by ELISA and the results were obtained by using a plate reader (TECAN, 520

Genios) at a wavelength of 492nm. n=30; *statistically significant p< 0.05.  521

522

Figure 3. Mean relative expression of A) CD4; B) GATA3; C) IgT; and D) IgM genes 523

of fish orally boosted with different antigen preparations compared to un-boosted 524

controls. Real-time RT-PCR. n=30; *statistically significant p< 0.05. 525

526

Figure 4. Mean relative expression of A) FOXP3; B) TGF-  and C) IL-10 genes in 527

fish orally boosted with different antigen preparations compared to un-boosted 528

controls. Real-time RT-PCR. n=30; *statistically significant p< 0.05. 529

530

Figure 5. Schematic illustration of the trial plan used in the present study. Atlantic 531

salmon growers previously (1 year) vaccinated against IPNV were split into three 532

groups. Each group was further divided into three replicates (tanks) that were boosted 533

twice orally for one week. Sampling was at 7 weeks post primary boost (a day before 534
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the second boost) and at the end of the trial. Ten fish from each tank (30 fish per 535

group) were sampled at each time point.536

537

TABLES538

Table 1: Fish size in unit of mass (g), Weekly feed intake (FI) per fish, weekly IPNV 539
antigen dose per fish and weekly IPNV antigen (Ag) dose per unit of fish mass 540
(dose/kg). 541

542

Period Group Feed 

Fish 
size 
(g)
±SD

Feed
intake
(g/fish/wee
k) ±SD 

IPNV Ag dose 
(TCID50/fish/w
eek) ±SD

IPNV Ag 
dose
(TCID50/kg/w
eek) ±SD 

Primary 
boost

Control CF-1 395±92 24.7±0.4 0.00 0.00
Unencap OBF-1 375±82

23.9±2.4
9.6×108±1×108 2.6×109±6×10

8

Encap OBF-2 426±12
1 23.1±0.9

9.3×108±4×107 2.2×109±6×10
8

Second
boost

Control CF-2 846±13
5 39.6±0.4

0.00 0.00

Unencap OBF-4 796±12
6 37.3±3.9

1.1×109±1×108 1.4×109±3×10
8

Encap OBF-5 782±10
5 38.0±1.3

1.1×109±4×107 1.5×109±2×10
8

 543
  544
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Table 2. Sequences of primers used in this study. 545
Genes Accession number Primer sequence 5’-3’ D*

-actin 
BT047241.2 

CCAGTCCTGCTCACTGAGGC

GGTCTCAAACATGATCTGGGTCA

IgT 
HQ379938.1 

AGAGGTGAAGACACACCGGTCATT 

ACGGAGTAGTTGCCTTTCTGGGTT

CD4
DQ867019.1 

GAGTACACCTGCGCTGTGGAAT

GGTTGACCTCCTGACCTACAAAGG

GATA3 
NM001171800.1   

CCCAAGCGACGACTGTCT

TCGTTTGACAGTTTGCACATGATG

IgM 
AF228580.1      

TGAGGAGAACTGTGGGCTACACT

TGTTAATGACCACTGAATGTGCAT

FOXP3 
HQ270469 

AGCTGGCACAGCAGGAGTAT

CGGGACAAGATCTGGGAGTA

TGF-
BT059581.1 

AGTTGCCTTGTGATTGTGGGA

CTCTTCAGTAGTGGTTTGTCG

IL-10 
AB118099.1 

CGCTATGGACAGCATCCT

AAGTGGTTGTTCTGCGTT

IPNV 
NC_001915.1

ATGCCAAGATGATCCTGTCCCACA       

TGCCTTTGAGGTTGGTAGGTCACT
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D* direction of primer. 546
547
548






















