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ARTICLE INFO ABSTRACT

Keywords: Vaccination is one of the most effective disease control strategies that has contributed to the significant re-

Antibodies duction of disease outbreaks and antibiotics usage in salmonid aquaculture. To date, licensing of fish vaccines is

Correla_tes to a limited extent based on in vitro correlates of protection, as done for many mammalian vaccines. This is

Immunity because the immunological mechanisms of vaccine protection have not been clearly elucidated for most fish

Protective : : : . . . . .

Vacci vaccines. Herein, we provide an overview of the different steps required to establish correlates of protective
accines

immunity required to serve as benchmarks in optimizing vaccine production in aquaculture. We highlight the
importance of optimizing challenge models needed to generate consistent results used during vaccine devel-
opment as a basis for establishing immune correlates of protection. Data generated this far shows that antibodies
are potentially the most reliable correlates of protective immunity for fish vaccines. Our findings also show that
antigen dose can be optimized to serve as a correlate of protection for fish vaccines. Further, there is need to
establish signatures of T-cell protective immunity when antibodies fail to serve as proxies of immune protection,
particularly for vaccines against intracellular pathogens. We can anticipate that documentation of efficacy for
future vaccines in aquaculture, particularly batch testing will be based on in vitro correlates of protective im-

munity.

1. Introduction

Vaccination is one of the most effective disease control strategies
that has contributed to a significant reduction of disease outbreaks and
antibiotics use in salmonid aquaculture [1,2]. In Norway vaccination
led to the significant reduction of outbreaks of bacterial diseases and
reduction in the use of antibiotics in the mid-1990s [3]. Documentation
and licensing of these bacterial vaccines were based on lethal in vivo
challenge [1]. Immunoassays such as the enzyme linked im-
munosorbent assay (ELISA) are widely used to evaluate antibody re-
sponses induced by vaccination, but often antibody levels are not cor-
related with protective endpoints. From a regulatory and 3Rs
standpoint, it is important to establish in vitro correlates of protection
with a purpose to reduce the use of animals in vaccine testing. It should
be that the mechanisms of immune protection for most fish vaccines are
not well understood, i.e. it is not clear as to whether vaccination pre-
vents establishment of infection, blocks pathogen dissemination, or
prevents establishment of pathology in infected fish. That said, to es-
tablish in vitro correlates of protection, the first point is to identify a
quantitative in vitro method that correlates with protection obtained
from lethal in vivo challenge methods using a vaccine that has been
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shown to meet the acceptance criteria for the vaccine (as defined by the
manufacturer or from authorities).

The underlying immunological mechanisms of protection are not
necessarily known in detail. The identified immune markers can serve
as guides for correct choices of protective antigens, vaccine formula-
tions, antigen dose or vaccination regimes. In this way, the identified
immune markers can be used to optimize all factors that are important
for protection like vaccine antigens, formulations, antigen dose and
immunization regimes and these should be set at optimal conditions to
produce immune responses that confer protective endpoints.

Herein we discuss various aspects of correlates of protection for fish
vaccines. Given that the bulk of previous studies in fish vaccinology
have centered on the use of inactivated whole pathogens or re-
combinant proteins as antigens, formulations, immunization and re-
lative percent survival (RPS), we start with the importance of the
challenge model as a prerequisite to establishing the protective end-
points used as measures of vaccine efficacy. We continue with a dis-
cussion of different ways to measure vaccine efficacy like ability to
prevent pathogen adherence to mucosal surfaces and at prime sites of
entry, ability to protect against systemic pathogen distribution and
prevention against pathology in target organs. Then we move over to in
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Step 1: Vaccine design and development
» Antigen type - (whole pathogen, recombinant protein, etc)
* Intra- or extracellular antigen delivery route
+ Antigen dose selection and optimization
* Formulations (adjuvants)

Step 2: Immunization
* Vaccine delivery route (oral, injectable, immersion)
* Immunization regime (e.g single, prime-boost)
* Immunogenicity tests in vivo
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Fig. 1. Shows hypothetical steps involved from vac-
cine design and development to establishing the
correlates of protection. Note that while arrows 1 to
3 show the steps involved from vaccine design (step-
1), immunization (step-2), challenge (step-3), and
correlates of protection (step-4), arrow 4 serves as a
feedback loop in which the established correlates of
protection serve as drivers in optimizing all vacci-
nology inputs (steps 1-3) in order to ensure pro-
duction of highly protective vaccines, reproducibility
and consistence in vaccine production based on
outputs of immune markers established in step-4.

Step 3: Challenge

* Measures of vaccine efficacy
* Establish protective endpoint

* Selection and optimization of challenge model
» Establish the mechanisms of vaccine protection

Step 4: Correlates of protection
» Antibody correlates of protective immunity
 Surrogate markers of protective immunity
» Antigen dose as correlate of vaccine protection

vitro immunological methods as measures or proxies of efficacy before
we end up discussing if antigen dose of the final product can be used as
a correlate of vaccine potency. Overall, the objective of this review is to
bridge the gap between fish vaccinology and application of im-
munological correlates of protection as benchmarks for the doc-
umentation and testing of vaccine efficacy and batch potency of fish
vaccines in aquaculture.

2. Challenge models

As part of vaccine design and development, in vivo vaccine efficacy
testing is first used to determine the protective endpoints and then
correlate these with in vitro quantitative immunological methods
(Fig. 1). Fish are typically immunized with test vaccine preparations of
decreasing antigen content followed by lethal challenge in order to
establish a dose-response curve. For a challenge model to be reliable, it
is important that it has a wide discriminatory capacity between the
vaccinated and unvaccinated fish to effectively determine vaccine-re-
lated protection [4,5]. To ensure consistence and reproducibility it is
vital that the challenge model is optimized to generate similar results
repeatedly. As pointed out in our previous study [5], it important that
all input variables that form the challenge model are individually op-
timized and their contribution to the overall performance of the model
is evaluated. The challenge models commonly used in aquaculture are
(i) intraperitoneal, (ii) bath and (iii) cohabitation.

2.1. Intraperitoneal challenge model

Although the intraperitoneal mode of challenge yields high results
and is widely used for evaluating the efficacy of different vaccines [6],
it has the disadvantage of bypassing the natural routes of infection.
Forcibly depositing pathogens in the peritoneum enables the pathogens
to gain quick access into the systemic environment thereby reducing the
incubation period leading to rapid onset of acute infection but it
guarantees identical challenge dose being given to each fish which is
the main advantage of this method. Intraperitoneal challenge precludes
the ability to evaluate protection at natural portals of pathogen entry on
mucosal surfaces and as such precludes the possibility to evaluate the
protective role of mucosal immunity in vaccinated fish to the extent this
is possible. The infection dose used for intraperitoneal challenge is
determined from LDsq studies (or similar) and the minimum mortality
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for testing of vaccine efficacy is typically at or above 60% in the non-
vaccinated control fish while at the same time, mortality should not
exceed 80-85% (on average), depending on pathogen studied.

2.2. Bath challenge model

The bath challenge method has the advantage of exposing fish to
infection by a natural route, i.e. through the natural portals of pathogen
entry via mucosal surfaces. The major limitation with this method is
that the challenge dose per fish will not be equal or uniform and thus
will be a source of variation. The experience is also that mortality in
non-vaccinated control fish show higher degree of variation than for
injection challenge (own experience).

2.3. Cohabitation challenge model

The cohabitation challenge model also has the advantage of mi-
micking natural disease transmission where infected shedders act as
source of infection to cohabitees. The use of shedders mimics the
principle of introducing an index case as a primary source of infection
to a susceptible population. Therefore, this method simulates natural
disease outbreaks in which infection is introduced from a few infected
individuals (shedders) or persistent carriers that undergo recrudes-
cence. Hence, cohabitation differs from bath challenge in which the
entire susceptible population is introduced into an infected environ-
ment while in cohabitation infection starts from a few infected in-
dividuals increasing progressively until it reaches an “epidemic pro-
portion” in a susceptible population. Nevertheless, there are similarities
between bath and cohabitation challenge in that both models enable
pathogens to enter the host through natural portals of entry facilitating
the ability to evaluate the mechanisms of protective immunity on mu-
cosal surfaces. In addition, both models allow for sequential progression
of infection from the portals of pathogen entry on mucosal surface to
establishment of pathology in target organs paving way to identifying
the mechanisms of protective immunity both on mucosal surface and
the systemic environment. As for bath challenge methods, the challenge
dose per fish is unknown and will of course vary with regard to dose
and time of exposure, introducing variation into the model.
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3. Measures of efficacy and immunological mechanisms of vaccine
protection

The central goal for evaluating vaccine efficacy is to determine the
protective endpoint induced by vaccination or the antigen dose and
vaccine formulation that will confer specified protection, as defined by
the vaccine manufacturer or by authorities/European Pharmacopoeia
monographs. From a theoretical viewpoint, protective endpoints can be
evaluated by different methods like prevention of (i) pathogen ad-
herence on mucosal surfaces, (ii) infection after penetration of mucosal
surfaces, (iii) pathogen dissemination into the systemic environment,
(iv) pathogen load in target organs, or (v) tissue damage in target or-
gans. For these test points to be of any value for determination of
vaccine efficacy they must be quantifiable and they must correlate with
protection against mortality as obtained for a batch of vaccine shown to
meet the release criteria for a defined vaccine. Below we will discuss
some potential approaches to assess protective endpoints related to
different stages of infection and corresponding protection.

3.1. Pathogen adherence on mucosal surfaces

An important outcome of vaccination of fish would be to produce
immune responses that prevent pathogen adherence on mucosal sur-
faces. Studies have shown that mucosal antibodies play a role in pro-
tection against pathogen adherence on the skin surface of vaccinated
fish [7,8]. For example, Dickerson and Clark [8] showed that fish
previously exposed to sub-lethal infection of Ichthyophthirius multifilis
were resistant to subsequent infections corresponding with mucosal
antibodies that deterred parasite adherence on the skin surface. Anti-
bodies from resistant fish easily bound to the immobilization antigens
(i-antigens) on the parasite cell surface and ciliary membranes. They
noted that antibody cross-linking with the i-antigen culminated in ex-
pulsion of the parasite from the skin surface clearly demonstrating that
antibodies located in the mucosa have the capacity to prevent pathogen
adherence on mucosal surfaces. Similar mechanisms of immune pro-
tection against I. multifilis have been reported in catfish by Wang et al.
[7,9] and Zhao et al. [10] who demonstrated the ability of mucosal
antibodies to prevent I multifilis adherence on the skin surface of cat-
fish. In their studies Wang et a 1 [7,9], Zhao et al. [10], and Dickerson
and Clark [8] showed a correlation between protection against I. mul-
tifilis adherence and increase in mucosal antibodies on the skin surface
suggesting that a protective antibody titer that prevents I. multifilis
adherence on the skin surface can be established. More recently gut-
specific antibodies named IgT have been described [11] also found in
other mucosal organs like skin [12] and gills [13]. The importance of
IgT for immune protection of mucosal surfaces remains to be shown
although infected fish show IgT responses locally with deposition of IgT
onto parasite and bacterial surfaces [11,12]. However, it is not well
understood if IgT functions merely as a factor that prevents colonization
and proliferation of pathogenic bacteria on mucosal surfaces or plays an
effector function (opsonization and complement activation) against
mucosal pathogens.

3.2. Prevention of pathogen dissemination and spread

Most pathogens are dispersed to internal organs through the blood
stream (viremia) after gaining entry through mucosal surfaces. For
example, Finstad et al. [14] showed that piscine reovirus (PRV) was
localized in erythrocyte cytoplasmic inclusions while Aamelfot et al.
[15-17] showed that infectious salmon anemia virus (ISAV) entered
Atlantic salmon red blood cells where it induced hemophagocytosis.
ISAV viremia has been associated with replication in leucocytes [18].
Other viruses detected in blood leukocytes include infectious pancreatic
necrosis virus (IPNV) [4,19]. Bacterial pathogens disseminated through
the blood stream also include a number of pathogenic bacteria [20,21].
To prevent pathogen dispersal, neutralizing antibodies eliminate
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pathogens entering the blood stream to prevent their deposition in in-
ternal organs. Previously we showed that high antibody titers (1.2
ODyg0, 1:50 dilution) in Atlantic salmon vaccinated against IPNV were
linked to low viremia while low circulating antibody levels gave way to
high viremia [4]. Consequently, there were few organs infected by the
virus in fish that had low viremia compared to fish that had high vir-
emia levels. Hence for viruses such as ISAV, spring viremia of carp virus
(SVCV) and IPNV as well as bacteria that are mainly disseminated by
the hematogenous route, neutralizing antibodies prevents these pa-
thogens from reaching their target organs. Therefore, the measure of
efficacy for fish vaccinated against such pathogens is the absence
(elimination) or reduction of the pathogen in blood. However, it is
important to point out that not all pathogens are dispersed through the
blood stream. For example, nervous necrosis viruses (NNV) use the
neuronal system to reach their target organs [22]. The possibility to
quantify levels of circulating virus or bacteria by cell culture, plate
count or real-time PCR methods makes it possible to create a link be-
tween vaccination responses like circulating antibodies, mortality levels
post vaccination and challenge and pathogen load. Thus, the basis for
establishing correlates of protection against mortality would be pos-
sible.

3.3. Prevention of infection establishment in primary replication sites

For pathogens that gain entry into the systemic environment they
get deposited in organs that serve as primary replication sites that also
serve as amplification sites able to produce high quantities of the pa-
thogen for onward dissemination to target organs. Hence, vaccines that
suppress pathogen replication in the primary replication sites have the
capacity to prevent infection progression and ultimately block pathogen
deposition in the target organs. This was demonstrated in the case of
IPNV in which it was shown that high antibody levels corresponded
with reduction of viral loads in the headkidney, spleen and liver that
served as primary replications sites and consequently prevented the
spread of virus to the pancreas, which is one of the target organs [4].
Similarly, Su et al. [23] showed reduced infection rates of Streptococcus
agalactiae in several organs of vaccinated tilapia that was linked to
blocking the bacteria from crossing the brain-barrier to induce infec-
tions in the brain, which is one the target organs for this bacterium in
tilapia. The key point here is that it is possible to quantify the pathogen
load in primary replication sites or target organs and correlate load
with level of protection and particularly reduction in pathogen load in
surviving, vaccinated fish versus non-vaccinated controls. Similarly,
dose-response (i.e. varying antigen dose) studies can also be performed
when pathogen load can be quantified and a cut-off can be determined
that correlates with protection against mortality.

3.4. Prevention of pathology in target organs

There are several diseases that do not induce high mortality in fish,
but they cause pathology in the target organs leading to significant
economic losses in aquaculture. For example, salmonid alphavirus
(SAV) causes acute necrosis in the exocrine pancreas and skeletal
muscles in infected fish. Infection with piscine myocarditis virus
(PMCV), the cause of Cardiac myopathy syndrome (CMS) causes myo-
cyte degeneration and necrosis, and inflammation in the ventricle
myocardium [24-26]. Infections with piscine orthoreovirus (PRV), the
causative agent of heart and skeletal muscle inflammation (HSMI),
causes myocarditis, pericarditis and endocarditis as well as red skeletal
muscle inflammation [27-29]. These diseases produce tissue damage in
the target organs rendering histopathology to be ‘the method of choice’
for diagnosis [30-33] in which severity is graded according to the level
of tissue damage in target organs [26,34,35]. Haugland et al. [36]
showed that increase in viral loads in CMS infected target organs cor-
related with severity of CMS histoscores in which the relationship be-
tween histoscores and viral Ct-values showed a correlation of r* = 0.76.
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Scoring for pathology of internal (target) organs represent subjective,
ordinal values and these responses (dependent variables) are recorded
together with vaccine doses and pathogen load in target organs like
virus titer, colony forming units or real-time PCR values etc., all con-
tinuous variables. Using logistic regression models make it possible to
establish predictive values that indicate level of protection attained for
different vaccine preparations (for example). The mechanisms of vac-
cine protection for these diseases is to prevent or reduce pathology in
the target organs of vaccinated fish. Previously, we showed that viral
loads > 107 TCIDso/mL were linked to establishment of pathology in
the pancreas and liver of Atlantic salmon infected by IPNV. Vaccinated
fish that had high antibody levels (> 1.4 OD,q, dilution 1:50) showed
absence of tissue damage in the pancreas and liver indicating that a
cutoff limit of antibody titer could serve as a correlate of protection
against pathology in fish vaccinated against IPNV infection [4]. Hence,
it is likely that similar cutoff limits that could serve as measures of
protection against pathology can be established for various diseases
including HSMI, CMS and SAV.

3.5. Relative Percent survival (RPS)

Evaluation of efficacy for most fish vaccines is carried out by de-
termining the relative percent survival (RPS) of vaccinated fish com-
pared to the unvaccinated control fish after lethal challenge with a
purpose to determine what vaccine preparation meets the criteria de-
fined by the manufacturer or by regulatory [6,37]. This approach lacks
detail on the mechanisms of vaccine protection as it does not show if
vaccination prevents pathogen adherence on mucosal surfaces, estab-
lishment of infection at the portals of pathogen entry, pathogen dis-
persal to target organs or suppresses pathogen replication in target
organs. Another limitation is that not all pathogens cause high mor-
tality in infected fish, unreliable mortality [38,39] or no mortality at all
like infection with (PRV) [35] or PMCV [36]. This precludes the use of
RPS as a measure of vaccine efficacy for such diseases. Under such
circumstances protection against pathology in target organs can be used
to evaluate vaccine efficacy [38] as mentioned above.

4. Correlates of vaccine protection
4.1. Antibody titer as correlate protective immunity

Antibodies are the mostly widely used correlates of protection for
mammalian vaccines [40]. Zinkernagel [41] pointed out that the easiest
method for demonstrating the protective ability of antibodies is by
passive transfer from vaccinated to unvaccinated individuals followed
by challenge using an infectious agent homologous to the vaccine
strain. In fish, several studies have shown the protective ability of
passively transferred antibodies involving different pathogens in var-
ious fish species (Table 1). Pasnik et al. [42] found a high correlation
between antibody titers and the level of post challenge protection in
passively vaccinated Nile tilapia (Oreochromis niloticus) against S. aga-
lactiae indicating that passively transferred antibodies can be correlated
with post challenge protection in fish.

In line with the definition of a correlate of antibody protection by
Pulendran et al. [43], an antibody is considered to have reached a
‘correlate of protection’” when it reaches a cutoff limit above which it
confers protective immunity in vaccinated individuals. It follows that
an antibody titer that reaches the protective threshold (for a given
vaccine) can serve as a signature of protective immunity. Bricknell et al.
[44] showed that Atlantic salmon vaccinated with an Aeromonas sal-
monicida vaccine having an antibody titer log, > 4 survived lethal
challenge while 47% fish having titers log, < 4 died indicating that a
threshold antibody titer able to produce high protection (RPS > 90%)
can be established to serve as a signature of protective immunity
against A. salmonicida in Atlantic salmon. In three independent studies
[4,19,45], we showed that antibody titer > 1.2 OD49o (Serum dilution
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1:50) corresponded with PCSP > 90% while an antibody titer > 1.4
ODygo produced PSCP > 92% indicating that an antibody titer can be
established that correlates with PSCP > 90% in Atlantic salmon vacci-
nated against IPN. Moreover, these findings also show that increasing
the antibody titer from 1.2 OD4gq to 1.4 OD,g( increased the PCSP from
90% to 92%. Similarly, Dubey et al. [46] showed that an increase in
antibody levels from 0.416 ODy4s¢ to 0.463 ODyso corresponded with
increased protection, RPS increasing from 37.33% to 79.99% in carp
vaccinated against Aeromonas hydrophila using an OMP vaccine en-
capsulated in PLGA nanoparticles. Put together, the increasing trend of
antibody titers that correspond with increase in post challenge pro-
tection shows that an antibody titer that correlates with protection can
be established to serve as a benchmark for which all newly developed
vaccines can be measured. All vaccines producing antibody levels
below the correlate of protection should be considered as suboptimal
while vaccine producing antibody levels at or above the level con-
sidered as protective are potent or meets the required potency level.

It is important to reiterate that current advances in fish immunology
show a compartmentalization of immunoglobulin (Ig) isotypes dis-
tribution in fish [47]. IgT is expected to play a role in protection on
mucosal surfaces using mechanisms similar to IgA in humans [47] al-
though the exact mechanisms are not understood and there are no
studies that correlate IgT titers with protective immunity [4,6], while
IgM provides systemic protection [6,37,48]. As pointed out previously
in our study [49], this can be attributed to the lack of immunoassays
able to quantify IgT levels in/on mucosal surfaces in response to vac-
cination so defining protective endpoint as commonly done for IgM in
serum is difficult [4,6]. In summary developing appropriate diagnostic
tools for measuring IgT titers expressed on mucosal surfaces in response
to vaccination is needed and further to correlate these responses with
prevention of microbial infections on mucosal surfaces. Therefore, IgM
is still by far the best-known correlate of protective immunity in vac-
cinated fish [48,50-53].

4.2. Gene expression as surrogate markers of protective immunity

It is noteworthy that while several studies show that cellular
mediated immune (CMI) responses are activated by replicative viral
vaccines [37,54-56], they are also activated by bacterial DNA and at-
tenuated live vaccines in fish. For example, Yamasaki et al. [57] showed
significant increase in CD4" and CD8™" T-cell responses together with
upregulation of the Th1 cytokines such as IFNy and T-bet linked to high
RPS in ginbuna crucian carp (Carassius auratus langsdorfii) vaccinated
against Edwardsiella tarda using a live attenuated vaccine. On the con-
trary, fish vaccinated using a formalin inactivated whole cell IWC)
vaccine had high post challenge mortality despite having high antibody
and IL-4/13 responses when Th1 responses were suppressed. In another
study, Yamasaki et al. [58] observed E. tarda clearance in the head-
kidney and spleen following high cytotoxic T-lymphocyte (CTL) activity
induced by increased CD8a + cell responses. They also observed that E.
tarda specific antibodies did not increase until after bacterial clearance
indicating that humoral responses appear too late to provide protective
immunity against intracellular E. tarda infection. To consolidate the
notion that CMI responses are crucial for induction of protective im-
munity against intracellular bacterial infections, Yamasaki et al. [59]
adoptively transferred T-cells sensitized by E. tarda to isogenic naive
ginbuna crucian carp in order to identify T-cell subsets involved in
protecting fish against intracellular bacterial infection. They observed
that recipients of CD4™ and CD8™ cells acquired high resistance against
E. tarda infection. In addition, transfer of sensitized CD8a + cells up-
regulated the expression of Thl cytokines such as IFNy and perforin
involved in cytotoxic mediated elimination of infected cells. Put to-
gether, these studies show that CMI responses play a crucial role in
protection against intracellular bacterial infections and that they can be
activated by vaccination in a similar manner with viral induced CMI
response in fish [37,54-56]. However, what has not been established is
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Table 1
Passive immunization studies in fish.
Pathogen Fish species Ref
Aeromonas hydrophila Rainbow trout (Oncorhynchus mykiss) [76]
Aeromonas hydrophila Indian major carp (Labeo rohita) [77]
Aeromonas salmonicida Coho salmon (Oncorhynchus kisutch) [78]
Aeromonas salmonicida Brook trout (Salvelinus fontinalis) [79]1
Flavobacterium columnare Channel catfish (Ictalurus punctatus) [80]
Flavobacterium psychrophilum Rainbow trout (Oncorhynchus mykiss) [81]
Lactococcus garvieae Yellowtail (Seriola quinqueradiata) [82]
Streptococcus agalactiae Nile tilapia (Oreochromis niloticus) [42]
Streptococcus ictaluri Channel catfish (Ictalurus punctatus) [83]
Streptococcus iniae Nile tilapia (Oreochromis niloticus) [84]
Streptococcus iniae Rainbow trout (Oncorhynchus mykiss) [85]
Streptococcosis Rainbow trout (Oncorhynchus mykiss) [86]
Ichthyophthirius multifiliis Channel catfish (Ictalurus punctatus) [87]
Ichthyophthiriasis Tilapias (Oreochromis aureus) [88]
Infectious hematopoietic necrosis virus Rainbow trout (Oncorhynchus mykiss) [89,90]
Yersinia ruckeri Rainbow trout (Oncorhynchus mykiss) [91]
Viral hemorrhagic septicemia virus rainbow trout (Oncorhynchus mykiss) [92]
Viral hemorrhagic septicemia Pacific herring (Clupea pallasii) [93]
Vibrio alginolyticus IgY-encapsulated [94]
Vibrio anguillarum Rainbow trout (Oncorhynchus mykiss) [95]

the duration for which activated CD8 " T-cells remain protective after
vaccination. Moreover, the quantity of activated CD8* cells that cor-
respond with protection against intracellular infections has not been
established in fish. And as such, the protective endpoint of activated
CD8™ cells against infection remains unknown for fish vaccines. Dis-
similar to antibodies that serve as correlates of vaccine protection for
antigens that stimulate B-cell responses in which an antibody titer can
directly be correlated with RPS, reduction in the quantity of infectious
agents and prevention of pathology in target organs after challenge
[60-62], there are no studies shown to directly correlate the quantity of
CD8" T-cells activated by vaccination with RPS, reduction in the
quantity of infectious agents and prevention of pathology in target or-
gans after challenge.

Based on the aforementioned above, for vaccine preparations that
evoke immune responses biased towards CMI responses, such as DNA or
attenuated live vaccines, measuring antibody responses as correlates of
protection might not give a full picture of immune responses involved
(like T-lymphocyte responses). Most DNA or live attenuated vaccines
will however raise an antibody response and antibodies can thus serve
as proxies of protective immunity, a surrogate marker of immune pro-
tection where cellular immune responses do the actual job. Plotkin
[40,63,64] defined a surrogate as an immune marker that can be used
to substitute for the clinical endpoint, which can reliably be used to
predict vaccine efficacy [65]. Several studies have shown a high cor-
relation between the expression of Mx and protection in fish vaccinated
against viral hemorrhagic septicemia (VHSV) and infectious hemato-
poietic virus (IHNV) using DNA vaccines at early time post vaccination
[65,66]. For example, McLauchlan et al. [65] showed early correlation
within three days between Mx and protection in rainbow trout vacci-
nated against VHSV at early time post vaccination. Antibodies were
expressed 8 weeks later indicating that Mx profiles at early time could
serve as an early surrogate marker of protection or predictor of pro-
tection against VHSV infection. Similarly, Byon et al. [67] showed
significant upregulation of cellular mediated immune genes such as Mx,
CD8a, CD40 and BLAM within three days after vaccination against VHS
with a DNA vaccine encoding the VHSV G-protein linked to high pro-
tection (RPS = 93%) while antibodies were expressed earliest by 8
weeks post vaccination in Japanese flounder (Paralichthys olivaceus).
Similarly, Kim et al. [66] showed a high correlation between protection
and Mx expressed within a few days and antibodies were expressed
several weeks after vaccination in fish vaccinated against IHNV infec-
tion.

Surrogate markers of protective immunity can potentially be
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established for non-replicative vaccines as shown in our previous stu-
dies in which we found high correlation 2= 0.896, P < 0.0000)
between GATA-3 and antibody responses which in turn corresponded
with post challenge survival proportions (PCSP) in Atlantic salmon
vaccinated against IPN [68]. Hence, GATA-3 can serve as a surrogate
marker predictive of the outcome of post challenge protection. Simi-
larly, Bridle et al. [69] found a biosignature of multiple genes inclusive
of immunoglobulin mu heavy chain, hepcidin, Lim and acting binding
protein 1 as predictors of vaccine induced protection in Atlantic salmon
vaccinated against Yersinia ruckeri. Put together, these studies show that
surrogate markers can potentially be established for fish but more
studies are needed to fully validate these findings.

4.3. Antigen dose as a correlate of vaccine protection

Yamashita et al. [70] immunized red-spotted grouper against ner-
vous necrosis virus (RGNNV) using different antigen doses ranging from
10%° to 10%° TCIDs,/fish. After challenge, they observed that fish im-
munized with an antigen dose > 107-> were highly protected and yet
there was no significance difference in fish vaccinated with an antigen
dose of 10%° and control fish indicating that reducing the antigen dose
by one log;o accounted for a significant difference between highly
protected fish and less (or none) protected fish. In their findings, they
showed that an antigen dose of 107° TCIDs,/fish served as the cutoff
limit for protection against NNV in grouper. Similarly, we showed that
an antigen dose of 2 X 10'° TCIDso/mL corresponded with PCSP >
90% in Atlantic salmon vaccinated against IPN while reducing the
antigen dose by a log;, significantly lowered the PCSP to < 42% [4].
Hence, an antigen dose of 2 X 10'° TCIDso/mL could serve as correlate
of protection for PCSP > 90% in Atlantic salmon vaccinated against
IPN. Li et al. [71] showed an antigen dose dependent increase in pro-
tection levels in tilapia vaccinated against S. agalactiae in which in-
creasing the antigen doses from 10° to 10° CFU/fish showed a corre-
sponding increase of RPS from 10.2% to 67.7% resulting in a significant
linear correlation (r2 = 0.965, P < 0.008) (Fig. 2). Huang et al. [72]
also found a dose-dependent increase in protection in Nile tilapia vac-
cinated against S. agalactiae in which increasing the antigen dose from
107 to 10° CFU/fish increased the RPS from 20% to 33%. Table 2 shows
different studies in which increasing the antigen dose was shown to
correspond with increased protection for different vaccines adminis-
tered in different fish species against various diseases. Overall, these
studies show that increasing the antigen dose induces a corresponding
increase in protection in vaccinated fish and that a cutoff limit of
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Fig. 2. Shows a significantly high linear correlation between increase in antigen
dose and relative percent survival (RPS). Data was extrapolated from Li et al.
[71] in vaccination of tilapia using Streptococcus agalactiae vaccine.
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antigen dose can be established that correlates with protection to serve
as benchmark against which all future vaccine batches can be assessed.
Vaccines of an antigen dose at or above the protective antigen dose can
be considered as protective while vaccines below the protective antigen
dose would be considered as suboptimal, given that the antigens are
identical.

However, it is interesting to note that LaPatra et al. [73] showed
that increase in protection levels induced by DNA vaccination against
IHNV infection in rainbow trout was not dependent on increase of
plasmid dose, administered over a range of 0.1-2.5 mg/fish. This is a
very high dose for a 2 g rainbow trout which likely explains the lack of a
dose-response to vaccination and challenge. To consolidate these find-
ings, Corbeil et al. [74] showed that a single dose as low as 1-10 ng of
DNA for the IHN vaccine protected rainbow trout fry against lethal
challenge. An optimal dose of 100 ng/fish was chosen to ensure a strong
protection. These studies are all performed under laboratory conditions
and the best documentation of vaccine effect under field conditions
have been obtained with the Apex-IHN® vaccine used to protect Atlantic
salmon against IHNV in British Columbia where more than 100 million
fish have been vaccinated between 2005 and 2015 [75] and clinical
cases of IHN have not been recorded over these years.
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5. General discussion and conclusions

In this overview, we have shown that it takes several steps to es-
tablish correlates of vaccine protection. These steps include optimiza-
tion of challenge models used for vaccine efficacy testing to document
that the vaccine meets the specified efficacy criteria and these results
must be consistent for different vaccine batches. It is also possible to
establish methods that can quantify for example pathogen adherence on
mucosal surfaces, penetration into mucosal organs and/or replication in
primary replication sites. Prevention of tissue damage in target organs
can also be assessed (quantified) and correlated with for example an-
tigen dose but appropriate statistical methods would have to be used to
obtain solid correlates with protection against pathology since these are
subjective measurements (scoring of histopathological findings). It is
also possible to establish ‘signatures of protective immunity’ from host
immune response like antibody responses or cellular responses and
these should be established for vaccine batches that have shown to meet
efficacy criteria, i.e. protection for example against mortality or clinical
disease. The defined ‘signature of protective immunity’ serves as a
benchmark upon which all new vaccine batches (of the same vaccine)
should be evaluated. Thus, all batches that elicit immune responses at
or above the established protective cutoff limit are potent while those
below are considered sub-potent. This is the main point with any batch
release method, to separate potent from sub-potent batches.

Based on studies carried out this far [73], it is evident that anti-
bodies are the most reliable correlate of protective immunity in vacci-
nated fish. However, indications are that antigen dose can also be used
as a correlate of protection but here good dose-response studies have to
be carried out. For vaccines that induce biased T-cell responses, it is
conceivable that cellular mediated immune protection or genomic
markers related to T-cell responses can serve as surrogate markers of
protective immunity. However, in fish immunology we have few studies
that demonstrate the protective ability of cellular mediated immune
responses in vaccinated fish. Moreover, most replicative vaccines that
induce cellular mediated immune responses also produce humoral re-
sponses rendering antibodies to be the most reliable correlate of vaccine
protection for both replicative and non-replicative vaccines. Yet an-
other factor that we have not discussed in any detail is the ability of the
vaccine to elicit immune responses in the vaccinated animal that pre-
vent against replication of the specific pathogen, i.e. a form of ster-
ilizing immunity. Recent studies have shown that vaccination of
Atlantic salmon with Apex-IHN" completed abolish transfer of the virus
to cohabiting naive fish [75]. This was an interesting observation since
vaccinated fish were not completed protected against infection and

Table 2

Examples of vaccination showing increase in antigen dose that correspond with increase in protection.
Pathogen Fish species Vaccine type Increase in vaccine dose Increase in RPS Ref
A: Bacterial vaccine
Aeromonas salmonicida Atlantic salmon Inactivated whole cell 0%-200% 10.5-89.5% [96]
Aeromonas hydrophila Rohu PLGA nanoparticles 4ug/g-8u/g 48.3-73.3% [46]
Aeromonas hydrophila Major carp Inactivated whole cell 10° to 10'° CFU/ml 40-80% [97]
Edwardsiella ictaluri Channel Catfish Live attenuated strain 2.5 x 10°-2.4'° CFU/fish 31-94.8% [98]
Mycobacterium marinum striped bass DNA vaccine 5 - 50ug/fish 0.0-90.0% [99]
Piscirickettsia Atlantic salmon Subunit 1:5 dilution to neat 17.5-35% [100]
Vibrio anguillarum Japanese flounder DNA vaccines 5 - 50pg/fish 57.5-85.7% [101]
Yersinia ruckeri Rainbow trout Inactivated whole cell 10 CFU/fish-10® CFU/fish 60-100% [102]
Streptococcus agalactiae Nile tilapia Live attenuated strain 10°-10° CFU/fish 10-100% [71]
B: Viral vaccines
Betanodavirus Seven band grouper Inactivated whole virus 106'5-108'5TCID50/ﬂsh 9.2-82.6% [70]
Betanodavirus European Sea Bass Virus like particles SB2 0.1-20pg/fish 46.5-88.9% [103]
Betanodavirus European Sea Bass Virus like particles MGNNV 20-100 pg/fish 71.7-89.4% [103]
Lymphocystis disease virus Japanese flounder Genetically engineered 0.1-15 pg/fish 19.6-2.6%" [104]
Nodavirus Atlantic halibut Recombinant protein 10-50ug/fish 17-67% [105]
Infectious pancreatic necrosis virus Atlantic salmon Inactivated whole virus 10°-10'°TCID5o/mL 45-90% [4]
Viral nervous necrosis Seven band grouper Recombinant protein 0.8 ug - 20ug/fish 50-90% [106]

@ Percentage of tumor growth induce by lymphocystic disease virus.
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mortality, 2.6% mortality in vaccinated versus 97% in controls [75].

In summary, what we put forth herein underscores the use of es-
tablished correlates of protection as important benchmarks in opti-
mizing vaccine production. From a 3Rs perspective we advocate that
the licensure of future vaccines in aquaculture should move towards in
vitro methods for batch release in line with the current policy of the
European Union and the European Pharmacopoieia.
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