
USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION 

Required software to e-Annotate PDFs: Adobe Acrobat Professional or Adobe Reader (version 11 

or above). (Note that this document uses screenshots from Adobe Reader DC.)
The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/reader/ 

Once you have Acrobat Reader open on your computer, click on the Comment tab

(right-hand panel or under the Tools menu).

This will open up a ribbon panel at the top of the document. Using a tool will place 
a comment in the right-hand panel. The tools you will use for annotating your proof 
are shown below:

1. Replace (Ins) Tool – for replacing text.

Strikes a line through text and opens up a text 

box where replacement text can be entered. 

How to use it:

 Highlight a word or sentence.

 Click on  .

 Type the replacement text into the blue box that

appears.

2. Strikethrough (Del) Tool – for deleting text.

Strikes a red line through text that is to be 

deleted. 

How to use it:

 Highlight a word or sentence.

 Click on  ..  

3. Commenting Tool – for highlighting a section

to be changed to bold or italic or for general
comments.

How to use it:





Click on  .

 Type any instructions regarding the text to be
altered into the box that appears.

4. Insert Tool – for inserting missing text
at specific points in the text.

Use these 2 tools to highlight the text 
where a comment is then made.

How to use it:

 Click on  .

 Click at the point in the proof where the comment

should be inserted.

 Type the comment into the box that

appears.

Marks an insertion point in the text and

opens up a text box where comments 

can be entered. 

Click and drag over the text you need to 
highlight for the comment you will add.

 The text will be struck out  in red.

 Click on         .  

 Click close to the text you just highlighted.
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of

text or replacement figures. 

Inserts an icon linking to the attached file in the 

appropriate place in the text.

How to use it:

 Click on  .

 Click on the proof to where you’d like the attached

file to be linked.

 Select the file to be attached from your computer

or network.

 Select the colour and type of icon that will appear

in the proof. Click OK.

The attachment appears in the right-hand panel.

6. Add stamp Tool – for approving a proof if no

corrections are required. 

Inserts a selected stamp onto an appropriate 

place in the proof. 

How to use it:

 Click on  .

 Select the stamp you want to use. (The Approved

stamp is usually available directly in the menu that

appears. Others are shown under Dynamic, Sign
Here, Standard Business).

 Fill in any details and then click on the proof

where you’d like the stamp to appear. (Where a

proof is to be approved as it is, this would

normally be on the first page).

7. Drawing Markups Tools – for drawing shapes, lines, and freeform

annotations on proofs and commenting on these marks. 

Allows shapes, lines, and freeform annotations to be drawn on proofs and

for comments to be made on these marks.

How to use it:

 Click on one of the shapes in the Drawing

Markups section.

 Click on the proof at the relevant point and

draw the selected shape with the cursor.

 To add a comment to the drawn shape,

right-click on shape and select Open
Pop-up Note.

 Type any text in the red box that

appears.
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Abstract

Recently in 2016, the European Medicines Agency (EMA) recommended granting a

marketing authorization in the EU for “Clynav,” a DNA vaccine against salmon pan-

creas disease (salmonid alphavirus-3). Generally, DNA vaccines induce both early

and late immune responses in fish that may be protective against disease. Several

transcriptomic approaches have been performed to map immunome profiles follow-

ing DNA vaccination, but the precise immune mechanism(s) that is responsible for

protection is not known, although reasonable suggestions have been made. The cur-

rent review includes an overview on main transcriptomic findings from microarray

experiments after DNA vaccination against VHSV, IHNV, HIRRV and IPNV—with

considerations of what can be considered as correlates of protection (CoP) or

merely a surrogate of protection. Identification and use of correlates of protection

(COPs) may be a strategic tool for accelerated and targeted vaccine design, testing

and licensure. General rules on what can be considered as CoPs can be extracted

from past knowledge on protective immune responses following vaccination that

induced protection. Lastly, there will be an overview on non-viral molecular adju-

vants that have been exploited to obtain higher vaccine potencies and efficacies.

K E YWORD S

aquaculture, correlates of protection, DNA vaccines

1 | INTRODUCTION

As traditional oil-based vaccines show similar efficacies as the bac-

terial DNA vaccines (Holvold, Myhr, & Dalmo, 2014), the need for

a bacterial DNA vaccine for fish is not as urgent as antiviral ones.

Despite an enormous amount of effort invested in the develop-

ment of DNA vaccines to protect veterinary animal species and

humans against viruses, only a few have reached the market. In

fact, only three have been licensed and reached a commercial

level, from over 420 different DNA vaccine candidates that have

been investigated in laboratory trials over the past 25 years. A

substantial number of these even entered preclinical testing (cf.

ClinicalTrials.gov and www.violinnet.org/dnavaxdb) (Racz, Li, Patel,

Xiang, & He, 2014).

The three veterinary DNA vaccines that have been commercial-

ized so far are as follows:

1. “West Nile Innovator� DNA” (Fort Dodge Animal Health/Pfizer)

for protection of condors and horses against West Nile virus

(Chang, Davis, Stringfield, & Lutz, 2007).

2. Apex-IHN� (Aqua Health Ltd., an affiliate of Novartis Animal

Health Inc.) for the protection of salmonids against Infectious

Hematopoietic Necrosis virus (IHNV) (Salonius, Simard, Harland,

& Ulmer, 2007).

3. The cancer DNA vaccine “Oncept” (Merial) targeting dog mela-

noma (Mclean & Lobetti, 2015).

More than 20 different virus DNA vaccines have been developed

experimentally for prophylactic use in fish targeting viruses such as

rhabdoviridae, orthomyxoviridae, togaviridae and nodaviridae. The

rhabdoviridae DNA vaccines (e.g., VHSV and IHNV) have shown high

levels of efficacies, whereas others have in most instances possessed

moderate to low efficacies (Holvold et al., 2014; Munang’andu &

Evensen, 2015).
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2 | WHAT ARE THE CORRELATES OF
PROTECTION FOLLOWING
IMMUNIZATION?4

To find and define correlates of protection (CoPs) may be highly

beneficial in terms of future vaccine development. Based on surveys

(e.g., meta-analysis) of vaccine efficacies and evaluation of mechanis-

tically relevant immune responses governing disease protection,

CoPs may be defined. This would ease development of more effica-

cious vaccines and vaccines against related pathogens (Plotkin,

2010). A correlate of protection (CoP) is a protective immune

response—an immune marker statistically correlated with vaccine

efficacy. The CoP may likely be divided into mechanistic (mCoP) and

non-mechanistic CoP (nCoP), where the former is causally responsi-

ble for protection and the latter is not (but may still be regarded as

a CoP) (Plotkin & Gilbert, 2012). For example, an immune signature

not directly causative for disease protection may be regarded as

nCoP, whereas bactericidal antibodies may be mCoP. CoP has been

defined for many of the currently licensed human vaccines. Follow-

ing vaccination, certain concentrations (threshold units conferring

protection) of specific antibodies have been shown to be CoP

against several bacterial toxins and invariant viruses. The measure-

ments of antibodies can easily be performed while the role of T-cell-

mediated immunity in disease protection can be complicated to

assess (Milligan & Barrett, 2015), especially in fish. In fish, no sys-

tematic effort has been made to define correlate(s) of protection;

although it is widely acknowledged that both the induction of antivi-

ral innate immunity and antibody response are vital protecting fish

against disease (Anderson et al., 1996; Long, Richard, Hawley, Lapa-

tra, & Garver, 2017; Lorenzen et al., 1998; Mclauchlan et al., 2003;

Standish, Millard, Brenden, & Faisal, 2016).

The CoP may be highly dependent on the mode of vaccination

(e.g., immunogen, dose, formulation, prime-boost regime), tissue-spe-

cific response to infection and vaccination, and the particular patho-

gen (Plotkin, 2013). It has been shown in fish that a high vaccine

dose (antigen dose) induces increased protection (Dubey et al.,

2016; Munang’andu, Fredriksen, Mutoloki, Dalmo, & Evensen, 2013).

In these dose–response studies, the antibody responses correlated

with vaccine efficacies.

Following immunization of fish, the immune response may be tis-

sue specific or compartmentalized, as suggested by several research-

ers (Encinas et al., 2010; Magadan, Sunyer, & Boudinot, 2015;

Salinas, 2015; Swan, Lindstrom, & Cain, 2008; Yamaguchi, Takizawa,

Fischer, & Dijkstra, 2015). Whether a compartmentalization of

immune response (e.g., intestinal/branchial/dermal immune response)

may result in increased or decreased protection during pathogen

challenge of immunized fish may not be evident per se. It may be

dependent on the portal of entry of pathogens and where replication

occurs. To search for a CoP during vaccination of fish, one may con-

sider whether a compartmentalization has occurred or not.

Surrogate of protection may be defined as “immune marker that

can substitute for the clinical end point and, thus, can in some

instances be used to reliably predict vaccine efficacy. DNA

vaccination may induce both an early innate, and a late systemic and

memory response in the host—both being protective (Plotkin & Gil-

bert, 2012). This two-stage event should both be considered as cor-

relates of protection following DNA vaccination (Plotkin, 2010).

No systematic effort has yet been made to search for and define

CoP(s) in fish after immunization and pathogen challenge. However,

there are numerous reports on gene expression after vaccination

and infection that may be considered as a good starting point in the

search for mCoP and nCoP. Based on several microarray experi-

ments, it is clear that a high number of genes are up- and downregu-

lated following DNA vaccination—evaluated after bioinformatics

analysis (Table 1). Examples are as follows: IRF3, IRF7, TLR8, Mx,

ISG15, ISG56, Vig-1, Vig-8 and IFN-a1. It is highly acknowledged

that type I interferons and interferon-stimulated genes (ISGs) con-

tribute to protection from viral invasion and replication (Schneider,

Chevillotte, & Rice, 2014; Wong & Chen, 2016)—and it is suggested

that this also is the case for fish (Chang, Robertsen, Sun, & Robert-

sen, 2014; Robertsen, 2017; Zhang & Gui, 2012). The immune signa-

ture (e.g., expression of Mx, IFNs) observed in fish after DNA

vaccination might be statistically correlated to protection. But in

most instances, no careful assessments have been performed to sta-

tistically correlate the level of signature molecule(s) with protection.

It is my opinion that there may probably be present a statistical cor-

relation between expression of certain antiviral genes after DNA

vaccination with survival from pathogen challenge, but this has to be

carefully assessed. An example is a study performed by McLauchlan

et al., where rainbow trout at different age were injected with VHS

DNA vaccine and later challenged with homologous pathogen.

Immunized fish contained highly elevated expression of Mx mRNA

(liver); the elevated expression was correlated with early protection

after VHS DNA vaccination—although no statistical analyses were

performed (Mclauchlan et al., 2003). It can be speculated that ele-

vated expression of Mx or some of the (signature) genes listed above

(Table 1), and their products, may likely be surrogates of protection.

It is not an easy task to define the correlate(s) of protection after

DNA vaccination of fish. One may look both on the early induction

of antiviral mechanisms, and a later antiviral effector phase together

with the formation of specific antibodies. In addition, there may be

considerable differences with respect to correlate(s) of protection

against different pathogens—although there may be a certain degree

of recognizable overlapping pattern among induced genes following

antivirus DNA vaccination. It appears that interferons and certain

ISGs may be vital for protection from number of viruses (Liu, San-

chez, Aliyari, Lu, & Cheng, 2012; Wong & Chen, 2016), and most

probably also in fish (Chang, Jenssen, & Robertsen, 2016; Chang

et al., 2014; Langevin et al., 2013; Purcell, Laing, & Winton, 2012).

However, different ISGs may also increase virus infectivity, as shown

in experiments using various cell lines (Schoggins et al., 2014).

Apparently, there might be strong correlation between interferon

and/or certain ISGs and disease protection, but a more comprehen-

sive study must be performed to find out the exact correlates or sur-

rogates of protection in vivo in fish. There may also be organ- or

tissue-specific correlates or surrogates of protection (e.g., mucus
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tissues) where mucus-associated antibodies mediate protection

against invading pathogens (Plotkin, 2008), and in theory—commen-

sal microflora that may regulate pathogenicity of invading pathogens

(Hu & Pasare, 2013).

Downregulated genes (Table 1) may be as important as upregu-

lated ones in terms of an immune response—as there these may

represent central “checkpoints” or “controlling units” during an

inflammatory response. Such checkpoint genes may be surrogates of

protection. An example is regulation of IL-10, which aid to prevent

excessive inflammation induced damage to cells and tissues that may

help controlling bacterial load or vice versa (Brooks et al., 2006; Red-

ford et al., 2010). Other checkpoints may include the expression and

activities of T-box transcription factors T-bet and eomesodermin,

where during chronic viral infection T-bet is reduced in virus-specific

CD8+ cells and are dysfunctional. Eomesodermin, often elevated

during chronic virus infection, may in turn induce elevated cytotoxic

responses even though CD8+ cells with high eomesodermin expres-

sion produce lower amount of antiviral cytokines (Paley et al., 2012).

The programmed death 1 (PD-1) and its ligands may also be consid-

ered as immune checkpoint—where exhausted CD8+ T cells display

high expression of PD-1. This may also be the case during chronic

virus infection (Keir, Butte, Freeman, & Sharpel, 2008).

3 | THE NEED FOR STANDARDIZATION OF
VACCINATION PROTOCOLS

One may expect that innate immune genes may be highly regulated

at early time points post-immunization followed by adaptive immune

genes some weeks after. From Table 1, the majority of the analyses

were performed on tissues/cells up to 7 days post-immunization.

Most of the genes may thus home to the innate immunity category

—although there is a vital interplay with the adaptive immune mech-

anisms (Iwasaki & Medzhitov, 2015). As analyses have been per-

formed on samples obtained from different time points and under

different environment, it is hard to compare sets of results from vari-

ous experiments within one fish species, and between fish species.

Standardized protocols should be developed for each species, and

possibly one should use “day degrees” instead of days (Standish

et al., 2016)—as long as the different fish species have their own

optimal environmental temperature for robust immune responses

(Alcorn, Murra, & Pascho, 2002; Bowden, 2008; Cecchini & Saroglia,

2002; Magnadottir et al., 1999; Rijkers, Frederix-Wolters, & Van

Muiswinkel, 1980).

The vaccine dose is another parameter of scrutiny. Any vac-

cine dose should be standardized with respect to fish size, that

is, lg pDNA per kilo body weight, although the dose needed for

protection may vary between vaccines, and from one fish species

to another. This would ease any comparison between different

experimental results. On the other hand, the experimental vacci-

nes (plasmid vectors) in use in different laboratories are not

often exactly similar (e.g., level of unmethylated CPGs) to each

other (Williams, Carnes, & Hodgson, 2009); this would also lead

to differences with respect activation and levels of gene expres-

sion.

4 | STRATEGIES TO INCREASE DNA
VACCINE EFFICACY

Increased disease protection may be directly correlated with a high

vaccine dose. There are, however, other ways to develop more effi-

cacious vaccines than simply increase the dose of antigen/DNA, for

example, by the introduction of genes encoding molecular adjuvants

in the same DNA vaccine vector, or as a vaccine cocktail that con-

sists the DNA vaccine together with another plasmids encoding reg-

ulatory proteins. This concept has not yet been very well explored in

fish, but a few reports exist. In one study, the potential use of inter-

feron regulatory factor-1 (IRF-1) as a vaccine adjuvant in Japanese

flounder was investigated. IRF-1 has been shown to have a role in

cytokine signalling and host defence against pathogens. The co-injec-

tion of IRF-1 encoding plasmid with a DNA vaccine encoding the

major capsid protein (MCP) gene of red sea bream iridovirus (RSIV)

resulted in elevated amount of virus neutralizing antibodies but was

not significantly different from that in the fish vaccinated with the

RSIV DNA vaccine alone (Caipang, Hirono, & Aoki, 2005). In another

study, increased antibody and longevity responses were observed in

salmon injected with plasmids encoding the molecular adjuvant IFNc

(type I interferon) (Robertsen, Chang, & Bratland, 2016).

DDX4 helicase assembled with STING is a cytosolic protein cap-

able of binding DNA that may induce type I IFN and cytokine pro-

duction (Zhang et al., 2011). An experimental DNA vaccine

consisting of VHSV glycoprotein G plus DDX4 was injected in olive

flounder. Following immune induction of 15 and 30 days, the fish

were challenged by VHSV. The improved DNA vaccine showed

higher vaccine efficacy than the DNA vectors containing VHS-G

gene and DDX4 gene alone did (Lazarte et al., 2017). This DDX4-

adjuvanted G-protein encoded vector did, during the immune induc-

tion phase (day 14 post-injection), induce high levels of INF-1, IRF-3,

ISG15 and Mx transcripts.

In another study, a plasmid encoding the pro-inflammatory cyto-

kine IL-1ß was evaluated for its potential to boost the antibody

response against BSA (bovine serum albumin) and GFP (green fluo-

rescent protein encoded in a co-injected plasmid) in Japanese floun-

der. After 30 days of immune induction, the IL-1ß-encoded plasmid

induced higher antibody response against BSA and GFP, albeit statis-

tically non-significant, against BSA and GFP compared to “empty”

plasmid or BSA alone (Taechavasonyoo, Hirono, & Kondo, 2013).

Interleukin 8 (IL-8) is a CXC chemokine produced by many cell

types in mammals (e.g., macrophages, monocytes and fibroblasts) fol-

lowing infection, or stimulation by other cytokines such as IL-1ß and

tumour necrosis factor alpha (TNF-a). In mammals, chemokines have

been widely used as adjuvants in vaccines against viral infections, as

they attract leucocytes to the site of inflammation and regulate the

immune functions of the recruited cells. In fish, IL-8 has been char-

acterized in rainbow trout among other species, and its chemo-
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attractant properties established (Harun, Zou, Zhang, Nie, &

Secombes, 2008). In this species, a vaccine plasmid encoding for the

glycoprotein gene of VHSV was co-injected with a plasmid encoding

IL-8 to explore its potential adjuvant effect (Jimenez, Coll, Salguero,

& Tafalla, 2006; Sanchez, Coll, & Tafalla, 2007). When the plasmid

encoding IL-8 (pIL-8+) was administered together with the VHSV

vaccine, an increase in IL-1ß in the spleen was found together with

a higher level of cellular infiltration at the site of injection. Further-

more, fish injected with pIL-8+ alone showed a significantly higher

expression of TNF-a, IL-11, TGF-ß and IL-18 in the spleen (Jimenez

et al., 2006). The transcription of different inducible CC chemokines

was studied in rainbow trout in response to both the viral haemor-

rhagic septicaemia virus (VHSV) DNA vaccine and/or pIL8+. This

study demonstrated that pIL-8 modulated expression of other

chemokines such as CK5A, CK6, CK7 and CK5B (Sanchez et al.,

2007). The concept of DNA vaccination of fish may be considered

quite mature compared to other veterinary animal species—given

the high degree of knowledge, but why is there not more focus on

molecular adjuvants increasing vaccine potency and efficacy against

hard-to-combat viruses? One might consider strategies to co-inject

plasmid DNA with immunostimulants of PAMP nature to induce

more robust antiviral responses.

Transient overexpression and gene “knockout” systems, such as

described above, may also indicate which immune molecules or

mechanisms that may be considered as correlates of protection, or

surrogates of protection. The concept and strategy using molecular

adjuvants may anyway pave the way for renewed effort in research

and development to yield more efficacious DNA virus vaccines. One

may tailor virus species-specific DNA vaccines—based on prior

knowledge on the correlates or surrogates of protection. Any

unwanted non-target effects due to the molecular adjuvants, such as

inducing exaggerated levels of, for example, cytokines, must be prop-

erly addressed.

5 | FUTURE VACCINE DEVELOPMENT

To meet the challenge to develop efficacious vaccines, systems

vaccinology approach using both transcriptomics, epigenetic, pro-

teomics and metabolomics platforms together with bioinformatics

may be necessary (Hagan, Nakaya, Subramaniam, & Pulendran,

2015). Such approach should be highly conceivable as many institu-

tions have the proper infrastructure and expertise ensuring such a

holistic advancement. Following whole-genome sequencing projects

for major aquaculture fish species, there are now better opportuni-

ties to analyse transcriptomic and proteomic responses following

vaccination. The new next-generation sequencing (NGS) technology

has not yet been used in vaccine research and development for

fish. The detailed information that can be achieved from NGS,

might in theory, speed the vaccine development significantly to

yield high-efficacious vaccines. NGS may also be used to investi-

gate epigenetic modifications following vaccination—that may be

useful to add knowledge on how and how much individual fish

(e.g., non-responders) and families respond to vaccines, and how

vaccines might induce epigenetic changes resulting in modulated

gene expression.

6 | CONCLUSION

An optimal vaccine must be able to induce innate mechanisms, a

sufficient antibody response, induce T-cell response(s) and gener-

ate specific immune memory in the host fish species. In this

respect, Apex-IHN DNA vaccine has proved to be very successful,

while other DNA vaccines against other piscine viruses are in the

advanced pipeline, for example, “Clynav” being developed by

Elanco (formerly Novartis Animal Health) against pancreas disease

virus. To define correlates of protection is a significant challenge

towards the development of vaccines against current and emerg-

ing viruses. Transcriptomic, proteomic, metabolomic and epigenetic

profiling during immune induction and infection would be the so-

called “untapped goldmine” (Flanagan, Noho-Konteh, Ghazal, &

Dickinson, 2013) that would provide a solid foundation for a

rational vaccine development against the “hard-to-combat” infec-

tious pathogens.

ACKNOWLEDGEMENTS

The work was supported by grants from the Research Council of

Norway (VivaFish: 237315/E40 and SalNoVac: 239140), the Univer-

sity of Tromsø and Tromsø Research Foundation.

ORCID

R A Dalmo http://orcid.org/0000-0002-6181-9859

REFERENCES

Alcorn, S. W., Murra, A. L., & Pascho, R. J. (2002). Effects of rearing tem-

perature on immune functions in sockeye salmon (Oncorhynchus

nerka). Fish & Shellfish Immunology, 12, 303–334.

Anderson, E. D., Mourich, D. V., Fahrenkrug, S. C., Lapatra, S., Shepherd,

J., & Leong, J. A. C. (1996). Genetic immunization of rainbow trout

(Oncorhynchus mykiss) against infectious hematopoietic necrosis virus.

Molecular Marine Biology and Biotechnology, 5, 114–122.

Ballesteros, N. A., Saint-Jean, S. S. R., Encinas, P. A., Perez-Prieto, S. I., &

Coll, J. M. (2012). Oral immunization of rainbow trout to infectious

pancreatic necrosis virus (Ipnv) induces different immune gene

expression profiles in head kidney and pyloric ceca. Fish & Shellfish

Immunology, 33, 174–185.

Bowden, T. J. (2008). Modulation of the immune system of fish by their

environment. Fish & Shellfish Immunology, 25, 373–383.

Brooks, D. G., Trifilo, M. J., Edelmann, K. H., Teyton, L., Mcgavern, D. B.,

& Oldstone, M. B. A. (2006). Interleukin-10 determines viral clearance

or persistence in vivo. Nature Medicine, 12, 1301–1309.

Byon, J. Y., Ohira, T., Hirono, I., & Aoki, T. (2006). Comparative immune

responses in Japanese flounder, Paralichthys olivaceus after vaccina-

tion with viral hemorrhagic septicemia virus (VHSV) recombinant gly-

coprotein and DNA vaccine using a microarray analysis. Vaccine, 24,

921–930.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

DALMO | 7

http://orcid.org/0000-0002-6181-9859
http://orcid.org/0000-0002-6181-9859
http://orcid.org/0000-0002-6181-9859


Caipang, C. M. A., Hirono, I., & Aoki, T. (2005). Induction of antiviral state

in fish cells by Japanese flounder, Paralichthys olivaceus, interferon

regulatory factor-1. Fish & Shellfish Immunology, 19, 79–91.

Cecchini, S., & Saroglia, M. (2002). Antibody response in sea bass (Dicen-

trarchus labrax L.) in relation to water temperature and oxygenation.

Aquaculture Research, 33, 607–613.

Chang, G. J. J., Davis, B. S., Stringfield, C., & Lutz, C. (2007). Prospective

immunization of the endangered California condors (Gymnogyps cali-

fornianus) protects this species from lethal West Nile virus infection.

Vaccine, 25, 2325–2330.

Chang, C.-J., Jenssen, I., & Robertsen, B. (2016). Protection of Atlantic

salmon against salmonid alphavirus infection by type I interferons

IFNa, IFNb and IFNc. Fish & Shellfish Immunology, 57, 35–40.

Chang, C.-J., Robertsen, C., Sun, B., & Robertsen, B. (2014). Protection of

Atlantic salmon against virus infection by intramuscular injection of

IFNc expression plasmid. Vaccine, 32, 4695–4702.7

Dubey, S., Avadhani, K., Mutalik, S., Sivadasan, S. M., Maiti, B., Paul, J.,

. . . Munang’andu, H. M. (2016). Aeromonas hydrophila OmpW PLGA

nanoparticle oral vaccine shows a dose-dependent protective immu-

nity in Rohu (Labeo rohita). Vaccine, 4, ????–????.8

Encinas, P., Rodriguez-Milla, M. A., Novoa, B., Estepa, A., Figueras, A., &

Coll, J. (2010). Zebrafish fin immune responses during high mortality

infections with viral haemorrhagic septicemia rhabdovirus. A pro-

teomic and transcriptomic approach. BMC Genomics, 11, ????–????.9

Flanagan, K. L., Noho-Konteh, F., Ghazal, P., & Dickinson, P. (2013). Tran-

scriptional profiling technology for studying vaccine responses: An

untapped goldmine. Methods, 60, 269–274.

Hagan, T., Nakaya, H. I., Subramaniam, S., & Pulendran, B. (2015). Sys-

tems vaccinology: Enabling rational vaccine design with systems bio-

logical approaches. Vaccine, 33, 5294–5301.

Harun, N. O., Zou, J., Zhang, Y. A., Nie, P., & Secombes, C. J. (2008). The

biological effects of rainbow trout (Oncorhynchus mykiss) recombinant

interleukin-8. Developmental and Comparative Immunology, 32, 673–

681.

Holvold, L. B., Myhr, A. I., & Dalmo, R. A. (2014). Strategies and hurdles

using DNA vaccines to fish. Veterinary Research, 45, ????–????.10

Hu, W., & Pasare, C. (2013). Location, location, location: Tissue-specific

regulation of immune responses. Journal of Leukocyte Biology, 94,

409–421.

Iwasaki, A., & Medzhitov, R. (2015). Control of adaptive immunity by the

innate immune system. Nature Immunology, 16, 343–353.

Jimenez, N., Coll, J., Salguero, F. J., & Tafalla, C. (2006). Co-injection of

interleukin 8 with the glycoprotein gene from viral haemorrhagic sep-

ticemia virus (VHSV) modulates the cytokine response in rainbow

trout (Oncorhynchus mykiss). Vaccine, 24, 5615–5626.

Keir, M. E., Butte, M. J., Freeman, G. J., & Sharpel, A. H. (2008). PD-1

and its ligands in tolerance and immunity. Annual Review of Immunol-

ogy, 26, 677–704.

Langevin, C., Van Der Aa, L. M., Houel, A., Torhy, C., Briolat, V., Lunazzi,

A., . . . Boudinot, P. (2013). Zebrafish ISG15 exerts a strong antiviral

activity against RNA and DNA viruses and regulates the interferon

response. Journal of Virology, 87, 10025–10036.

Lazarte, J. M. S., Kim, Y. R., Lee, J. S., Im, S. P., Kim, S. W., Jung, J. W.,

. . . Jung, T. S. (2017). Enhancement of glycoprotein-based DNA vac-

cine for viral hemorrhagic septicemia virus (VHSV) via addition of the

molecular adjuvant, DDX41. Fish & Shellfish Immunology, 62, 356–

365.

Liu, S.-Y., Sanchez, D. J., Aliyari, R., Lu, S., & Cheng, G. (2012). Systematic

identification of type I and type II interferon-induced antiviral factors.

Proceedings of the National Academy of Sciences of the United States

of America, 109, 4239–4244.

Long, A., Richard, J., Hawley, L., Lapatra, S. E., & Garver, K. A. (2017).

Transmission potential of infectious hematopoietic necrosis virus in

APEX-IHN (R)-vaccinated Atlantic salmon. Diseases of Aquatic Organ-

isms, 122, 213–221.

Lorenzen, N., Lorenzen, E., Einer-Jensen, K., Heppell, J., Wu, T., & Davis,

H. (1998). Protective immunity to VHS in rainbow trout (Oncor-

hynchus mykiss, Walbaum) following DNA vaccination. Fish & Shellfish

Immunology, 8, 261–270.

Magadan, S., Sunyer, O. J., & Boudinot, P. (2015). Unique features of fish

immune repertoires: Particularities of adaptive immunity within the

largest group of vertebrates. Results and Problems in Cell Differentia-

tion, 57, 235–264.

Magnadottir, B., Jonsdottir, H., Helgason, S., Bjornsson, B., Jorgensen, T.

O., & Pilstrom, L. (1999). Humoral immune parameters in Atlantic cod

(Gadus morhua L.) – I. The effects of environmental temperature.

Comparative Biochemistry and Physiology B-Biochemistry & Molecular

Biology, 122, 173–180.

Mclauchlan, P. E., Collet, B., Ingerslev, E., Secombes, C. J., Lorenzen, N.,

& Ellis, A. E. (2003). DNA vaccination against viral haemorrhagic sep-

ticaemia (VHS) in rainbow trout: Size, dose, route of injection and

duration of protection-early protection correlates with Mx expres-

sion. Fish & Shellfish Immunology, 15, 39–50.

Mclean, J. L., & Lobetti, R. G. (2015). Use of the melanoma vaccine in 38

dogs: The South African experience. Journal of the South African

Veterinary Association, 86, ????–????. 11

Milligan, G. N., & Barrett, A. D. T. (2015). Vaccinology: An essential guide.

Chichester: John Wiley and Sons Inc.

Munang’andu, H. M., & Evensen, O. (2015). A review of intra- and extra-

cellular antigen delivery systems for virus vaccines of finfish. Journal

of Immunology Research, ????, ????–????. 12

Munang’andu, H. M., Fredriksen, B. N., Mutoloki, S., Dalmo, R. A., &

Evensen, O. (2013). Antigen dose and humoral immune response cor-

respond with protection for inactivated infectious pancreatic necrosis

virus vaccines in Atlantic salmon (Salmo salar L). Veterinary Research,

44, ????–????. 13

Paley, M. A., Kroy, D. C., Odorizzi, P. M., Johnnidis, J. B., Dolfi, D. V.,

Barnett, B. E., . . . Wherry, E. J. (2012). Progenitor and terminal sub-

sets of CD8(+) T cells cooperate to contain chronic viral infection.

Science, 338, 1220–1225.

Pereiro, P., Dios, S., Boltana, S., Coll, J., Estepa, A., Mackenzie, S., . . . Fig-

ueras, A. (2014). Transcriptome profiles associated to VHSV infection

or DNA vaccination in turbot (Scophthalmus maximus). PLoS ONE, 9,

????–????. 14

Plotkin, S. A. (2008). Correlates of vaccine-induced immunity. Clinical

Infectious Diseases, 47, 401–409.

Plotkin, S. A. (2010). Correlates of protection induced by vaccination.

Clinical and Vaccine Immunology, 17, 1055–1065. 15

Plotkin, S. A. (2013). Complex correlates of protection after vaccination.

Clinical Infectious Diseases, 56, 1458–1465.

Plotkin, S. A., & Gilbert, P. B. (2012). Nomenclature for immune corre-

lates of protection after vaccination. Clinical Infectious Diseases, 54,

1615–1617.

Purcell, M. K., Laing, K. J., & Winton, J. R. (2012). Immunity to fish rhab-

doviruses. Viruses, 4, 140–166.

Purcell, M. K., Nichols, K. M., Winton, J. R., Kurath, G., Thorgaard, G. H.,

Wheeler, P., . . . Park, L. K. (2006). Comprehensive gene expression

profiling following DNA vaccination of rainbow trout against infec-

tious hematopoietic necrosis virus. Molecular Immunology, 43, 2089–

2106.

Racz, R., Li, X. N., Patel, M., Xiang, Z. S., & He, Y. Q. (2014). DNAVaxDB:

The first web-based DNA vaccine database and its data analysis.

BMC Bioinformatics, 15, ????–????. 16

Redford, P. S., Boonstra, A., Read, S., Pitt, J., Graham, C., Stavropoulos,

E., . . . O’garra, A. (2010). Enhanced protection to Mycobacterium

tuberculosis infection in IL-10-deficient mice is accompanied by early

and enhanced Th1 responses in the lung. European Journal of

Immunology, 40, 2200–2210.

Rijkers, G. T., Frederix-Wolters, E. M., & Van Muiswinkel, W. B. (1980).

The immune system of cyprinid fish. Kinetics and temperature

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

8 | DALMO

rda000
Cross-Out

rda000
Inserted Text
Replace "o" with "ø"

rda000
Cross-Out

rda000
Inserted Text
Ø

rda000
Cross-Out

rda000
Inserted Text
Ø

rda000
Sticky Note
Unmarked set by rda000

rda000
Sticky Note
Unmarked set by rda000



dependence of antibody-producing cells in carp (Cyprinus carpio).

Immunology, 41, 91–97.

Robertsen, B. (2017). The role of type I interferons in innate and adap-

tive immunity against viruses in Atlantic salmon. Developmental and

Comparative Immunology, ????, ????–????.17

Robertsen, B., Chang, C. J., & Bratland, L. (2016). IFN-adjuvanted DNA

vaccine against infectious salmon anemia virus: Antibody kinetics and

longevity of IFN expression. Fish & Shellfish Immunology, 54, 328–

332.

Salinas, I. (2015). The mucosal immune system of teleost fish. Biology

(Basel), 4, 525–539.

Salonius, K., Simard, N., Harland, R., & Ulmer, J. B. (2007). The road to

licensure of a DNA vaccine. Current Opinion in Investigational Drugs,

8, 635–641.

Sanchez, E., Coll, J., & Tafalla, C. (2007). Expression of inducible CC

chemokines in rainbow trout (Oncorhynchus mykiss) in response to a

viral haemorrhagic septicemia virus (VHSV) DNA vaccine and inter-

leukin 8. Developmental and Comparative Immunology, 31, 916–926.

Schneider, W. M., Chevillotte, M. D., & Rice, C. M. (2014). Interferon-sti-

mulated genes: A complex web of host defenses. Annual Review of

Immunology, 32(32), 513–545.

Schoggins, J. W., Macduff, D. A., Imanaka, N., Gainey, M. D., Shrestha,

B., Eitson, J. L., . . . Rice, C. M. (2014). Pan-viral specificity of IFN-

induced genes reveals new roles for cGAS in innate immunity. Nat-

ure, 505, 691–????.18

Standish, I. F., Millard, E. V., Brenden, T. O., & Faisal, M. (2016). A DNA

vaccine encoding the viral hemorrhagic septicemia virus genotype

IVb glycoprotein confers protection in muskellunge (Esox masqui-

nongy), rainbow trout (Oncorhynchus mykiss), brown trout (Salmo

trutta), and lake trout (Salvelinus namaycush). Virology Journal, 13,

203.

Swan, C. M., Lindstrom, N. M., & Cain, K. D. (2008). Identification of a

localized mucosal immune response in rainbow trout, Oncorhynchus

mykiss (Walbaum), following immunization with a protein-hapten anti-

gen. Journal of Fish Diseases, 31, 383–393.

Taechavasonyoo, A., Hirono, I., & Kondo, H. (2013). The immune-adju-

vant effect of Japanese flounder Paralichthys olivaceus IL-1beta.

Developmental and Comparative Immunology, 41, 564–568.

Williams, J. A., Carnes, A. E., & Hodgson, C. P. (2009). Plasmid DNA vac-

cine vector design: Impact on efficacy, safety and upstream produc-

tion. Biotechnology Advances, 27, 353–370.

Wong, M.-T., & Chen, S. S. L. (2016). Emerging roles of interferon-stimu-

lated genes in the innate immune response to hepatitis C virus infec-

tion. Cellular & Molecular Immunology, 13, 11–35. 19

Yamaguchi, T., Takizawa, F., Fischer, U., & Dijkstra, J. M. (2015). Along

the axis between Type 1 and Type 2 immunity; principles conserved

in evolution from fish to mammals. Biology, 4, 814–859.

Yasuike, M., Kondo, H., Hirono, I., & Aoki, T. (2007). Difference in Japa-

nese flounder, Paralichthys olivaceus gene expression profile following

hirame rhabdovirus (HIRRV) G and N protein DNA vaccination. Fish

& Shellfish Immunology, 23, 531–541.

Zhang, Y.-B., & Gui, J.-F. (2012). Molecular regulation of interferon antivi-

ral response in fish. Developmental and Comparative Immunology, 38,

193–202.

Zhang, Z. Q., Yuan, B., Bao, M. S., Lu, N., Kim, T., & Liu, Y. J. (2011). The

helicase DDX41 senses intracellular DNA mediated by the adaptor

STING in dendritic cells. Nature Immunology, 12, 959–962.

How to cite this article: Dalmo RA. DNA vaccines for fish:

Review and perspectives on correlates of protection. J Fish

Dis. 2017;00:1–9. https://doi.org/10.1111/jfd.12727

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

DALMO | 9

https://doi.org/10.1111/jfd.12727



