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Abstract

Aquaculture is a rapidly growing global agriculture sector and the importance
of fish health has become of upmost importance as production levels and
stocking densities increase. Over the past few decades, there have been a large
number of immunological investigations on commonly cultured finfish spe-
cies. Further, new technologies and strategies that embody use of fish immu-
nostimulants, probiotics, and vaccinology rely heavily upon a comprehensive
understanding of teleost immune system mechanics. The teleost immune sys-
tem works in concert to properly recognize, control, and clear aquatic patho-
gens. Recent findings have exemplified the cooperative efforts of the nonspe-
cific and adaptive branches, and have put forth an emphasis on the impor-
tance of the mucosal immune response in all aspects of a mounted immune
response. This review provides a generalized overview of the innate and adap-
tive arms of the fish immune system, and provides highlights of recently pub-
lished work in the areas of signaling networks and mucosal immune interac-
tions.
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1. Introduction

Global aquaculture production has rapidly increased over the past few decades.
Increasing world population size, standard of living, and globalization have
created a large demand for the efficient production of high quality, protein-rich
food. High quality protein acquired from fish and shellfish currently constitutes

approximately 16 percent of the world’s consumption of animal protein sources
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and aquaculture products are likely to be a primary food source for future gen-
erations [1]. The increasing amount of protein needed for the growing world
population has placed excessive demands on the wild-capture fishing industry.
Enlarged harvest rates impact the sustainability of wild stocks and have driven
the growth of the aquaculture production sector. In 2014, global fisheries’ pro-
duction was estimated at 167 million-tonnes, with 73.8 million-tonnes of this
amount credited to aquaculture production [2]. Further, global finfish culture
produced 49.8 million-tonnes of fish, with an estimated first-sale marketable
value of $99.2 billion USD [2]. As the global aquaculture realm becomes reliant
upon increased fish production, the risk of disease manifestation and large-scale
production losses resulting from aquatic pathogens may provide vast economic
complications for the industry and negatively impact producers and valuable
fish inventories. For example, The World Bank recently reported an estimated
$6 billion (USD) in global aquaculture disease-related losses per year [3].

As commercial fish production (primarily teleost fishes) increases, both aq-
uaculture producers and researchers have understood the importance of the un-
derstanding immune dynamics and composition. A thorough understanding of
these teleost immune components may better elucidate novel production strate-
gies for finfish culture, incorporating rapidly expanding areas of both fish health
and nutrition. This has been demonstrated by recent reviews focusing on fish
immune system topics as vaccine design, immunostimulant administration, nu-
trition, and interactions with growth mechanics [4] [5] [6] [7]. These complex
research components of the teleost immune response can be generally divided
into three elements: Inputs or stimuli, recognition by the immunological system,
and response mechanisms (Figure 1). The aim of this review article is to discuss
these integrated mechanics with respect to current, applied research aims in aq-
uaculture. This current review provides a background and recent research high-
lights of the key components of the fish immune system, with respect to com-
monly cultured species, including rainbow trout (Oncorhynchus mykiss) and

Atlantic salmon (Sa/mo salar).

2. Teleost Innate Immunity

Maintenance of the immune system within teleosts is essential to metabolism,
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Figure 1. Inputs, immune components, and outputs of the teleost

immune response. Teleost mucosal immunity contains components
of both innate and adaptive immunity, but may be considered a
subsidiary branch in some aspects.
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growth and physiological development. In aquaculture, broodstock health and
expected yields hinges upon the fishes’ abilities to protect themselves from ex-
ternal pathogenicity. To protect themselves from outside pathogens, teleosts
have developed innate and marginally adaptive immune system components to
combat many types of bacteria and viruses. The innate immune system directs
nonspecific pathogen clearance through a variety of humoral and cellular res-
ponses [8]. The ability to eliminate foreign matter from an organism is depen-
dent upon the capacity to recognize self versus non-self cells; a fundamental
building block of immunology. Thus, the teleost immune system functions in a
generalized capacity (the innate immune response) and a more complex defense
(adaptive immunity) to resist a wide array of foreign materials.

The innate immune system includes many internal and external barriers, such
as the skin and enclosed epithelial surfaces, to limit pathogen intrusion. The
scales, mucous, and gastric environment all act in unison to effectively trap and
expunge foreign microbes [8]. Further, cellular components exist within the
plasma to combat organisms that have penetrated the epithelium. Phagocytic
cells, including macrophages and granulocytes, monitor the interior spaces to
aid in the inflammatory response and removal of bacterial components. Fur-
thermore, nonspecific cytotoxic cells may direct microbial degradation via pat-
tern recognition, and antigen-presenting cells (dendritic cells and macrophages)
may transfer more specialized pathogenic components to the adaptive immune
system [8]. The final component of the innate immune system involves the hu-
moral response, where specialized plasma or epithelial components may dimi-
nish microbes through enzymatic degradation. These main constituents work in
concert to prevent infections and they may overlap in function to optimize pro-
tection for teleosts.

The teleost epithelial barrier is composed of an integument covered externally
with protective scales for environmental protection. In the case of some scaleless
teleosts, this integumentary defenseis reliant solelyupon the composition of var-
ious cell and fiber types within the dermal and epidermal layers [9]. This barrier
takes on an immunological role by separating the internal and external envi-
ronments while secreting mucus and lysozyme to enhance the breakdown of
microbes [10]. Depending upon the epithelial composition, some fish may expe-
rience an increase of external disease resistance while showing no difference in
disease susceptibility following bacterial infection [11]. In general, mucus is a
secretion of viscous glycoproteins and mucin that acts to lubricate the outer
anatomical structures that enhance osmoregulation, encourage microbial re-
moval, improve swimming ability by reducing resistance, and assist with respi-
ration [10].

The concentration and secretion rates of fish mucus will change with envi-
ronmental conditions and secretion also be induced by stressful situations. Ad-
ditionally, the concentration of mucus secretion varies greatly among different
fish species and may vary based on the bacterial contact with the apical surface
of the epithelium [12].

K2
+%%, Scientific Research Publishing

269



T. J. Bruce, M. L. Brown

Mucus has been determined to contain lysozyme, anti-bacterial peptides, pro-
teases, and lectins to protect against microbes [12]. Antibacterial peptides, in-
cluding pleurocidin, attack the cell wall A-layer components of invading bacteria
and are predominately found on the skin and gastric linings of teleosts [11]. Lec-
tins are proteins that bind to carbohydrates on bacteria to prevent further bind-
ing to the integument and target the cell for opsonization [13]. Opsonization is
the molecular process of marking a target cell with complement components in
an effort to further promote stronger phagocytosis of the cellular component or
activate lymphocytes for more enhanced or advanced pathogen clearance [14].
Various types of lectins, such as C-lectin and galactose-binding lectin, serve dif-
ferent immunological functions (macrophage activation, respiratory burst, etc.)
and many are Ca** dependent in their binding competencies [13]. Cathepsins
and trypsin-like proteases function by lysing external bacteria cell walls [11].
These proteases target cell wall and membrane components in an effort to rup-
ture the cell and inhibit infectivity. Lastly, lysozyme is a major enzyme that inhi-
bits bacterial infection through the disruption of the p-(1,4) glycosidic bonds of
peptidoglycan within the bacterial cell wall [15]. Lysozyme also inhibits gram-
negative bacteria and can be found in the mucus, plasma serum, and major or-
gans of teleosts. It is produced by the macrophages and granulocytes; thus, it is
found throughout vertebrate systems [16]. Lysozyme acts independently of the
complement pathway for bacterial clearance and production increases following
bacterial attachment or the acute phase of the teleost stress response [17]. These
epithelial barrier components are vital to the prevention of bacterial entry into
fishes. If these factors fail to eliminate pathogen entry, the cellular components
of the innate immune system are the next line of defense for non-specific removal.

Cellular components of the non-specific immune system provide protection
from pathogens that have breached the primary barriers. The two classifications
of phagocytic cells are granulocytes and monocytes/macrophages. Granulocytes
include neutrophils, basophils, and eosinophils, and are characterized by the
presence of major granule components in the cytoplasm. The polymorphonuc-
lear cells are important in phagocytosis of invasive bacteria and parasites. The
head kidney (pronephros) is the major hematopoietic organ in teleosts and
compares to the function of bone marrow in mammals [18]. It has been deter-
mined in a challenge study with Vibrio anguillarim that up to 85% of phagocytic
cells in the pronephros may be acidophilic granulocytes [19]. This composition
may change depending on the immunological status of the fish. Macrophages
are phagocytic cells that serve to remove bacteria via phagocytosis and act as an-
tigen-presenting cells (APCs) for the production of antigens in the adaptive
immune response. Macrophages utilize cell-mediated exocytosis and the pro-
duction of super oxide radicals via respiratory burst to eliminate pathogens in
the teleost system [14]. Pathogen-associated molecular patterns (PAMPs) are
foreign configurations that signal an invading cell to system macrophages [20].
The macrophages have pattern recognition receptors (PRRs) on their cell sur-

faces that allow for ligand binding to the specific PAMPs bound on incoming
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matter. This relationship that allows for the macrophages to function in a non-
specific manner to remove a cell deemed as “non-self.” Following the connection
of the bacteria to the macrophage, the macrophage then primes the respiratory
burst and the production of reactive superoxide intermediates [20]. Various pe-
roxides, peroxidases, nitric oxide derivatives, and chloramines are produced to
attack the invading bacterium and slow the metabolism [14]. Various cytokines
are employed to transmit directions to macrophages and direct effective phago-
cytosis. It has been hypothesized that IL-1/ (Interleukin 1 beta) is responsible for
phagocyte recruitment through the activation of chemoattractants and enhanced
immune gene expression [21]. Additionally, macrophages also harness the abili-
ty to produce transferrin, a serum protein that is capable to binding excess iron
from the plasma, in an effort to limit bacterial metabolism [20]. In addition to
the granulocytes and macrophages, natural cytotoxic cells (Natural Killer, or NK,
cells) exist for the non-specific removal of parasites, tumors, and cells that have
been virally infected [14]. These cells are classified as agranular in nature, do not
require the Major Histocompatibility Complex (MHC) class restrictions for re-
moval, and are commonly located within the pronephros and spleen [22]. NK
cells also contain a C-type lectin receptor for binding to class I marked cells and
contain the ability to both stimulate and inhibit cytokine production in regards
to removing the targeted cell [23]. Hence, NK cells may be thought of as inde-
pendent of the other phagocytic cells and lymphocyte populations. There are
various types of NK cells and their exact nonspecific defense mechanisms are
still being explored to date. T-cytotoxic cells also exist to detect virally-infected
cells, similar to the response of human CD8+ (Cluster of differentiation 8) T
lymphocytes [22].

A major humoral defense mechanism in teleosts is the ability to remove bac-
teria and associated matter via the complement system. The complement system
is partially conserved in many vertebrates and acts via the Classical, Alternate,
and Lectin-mediated pathways [24]. These pathways differ in their initiation
molecules, but all facilitate the activities of Complement Component 3 (C3). The
Classical and Lectin pathways use Complement Component 4 (C4), Comple-
ment Component 1 (Cl1), and Complement Component 2 (C2) analogues in
conjunction with immunoglobulin fixation to direct the cascade while the Al-
ternate pathway is stimulated from the binding of C3 to the surfaces of patho-
gens [25]. In the Lectin pathway, Mannose-binding Lectin (MBL) acts as a Cl
homologue to cleave C2 and C4 counterparts upon membrane attachment, and
may operate in the absence of C1 [24]. Furthermore, C3 is generated in an alter-
nate pathway from the combination of Plasma Factor B and C3 (H,O) that con-
tinue the cycle [26]. Pentraxins, such as Complement Reactive Protein (CRP)
and Serum Amyloid Protein (SAP), are involved with the lectin-binding me-
chanism for complement activation on the cell membranes [8]. In addition to
the activation of teleost complement, CRP is also a powerful promoter of opso-
nization and can effectively aid in the removal of fungal invaders or parasites

[27]. Within these pathways, the molecule C3 is the major component of the
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complement pathway and may cleave C3a or C3b subsets; C3a further promotes
inflammatory responses while C3b may further facilitate phagocytosis with
nearby cells or assist with cleaving C5 in an effort to further the cascade [24].
Cb5a is again used as a chemoattractant for phagocytic cells while C5b is an in-
itiating factor in the formation of the membrane attack complex (MAC) [11]. C3
and C5 convertases are used to enhance the progression through the cascade and
cleave new molecular subsets [28]. Ultimately, the complement exerts its” ability
to extinguish pathogens by lysis with the MAC or targeting the cells for further
removal via opsonization [14]. The complement pathway is an effective proce-
dure for promptly facilitating a non-specific immune response in teleosts. The
availability of specific teleost cytokines and enzymes orchestrate the progression

of the innate immune system.

3. Teleost Adaptive Immunity

The conservation of many immunological components in the innate immune
system of vertebrates also translates to the adaptive immune system of fish. The
adaptive immune system provides a more specified approach for pathogen re-
moval and is the secondary defense for the fish from the external environment.
Adaptive immunity involves the incorporation of T (thymus) and B (bursa-de-
rived) lymphocytes and the capability to conduct cell-mediated removals. More
specifically, the specific response includes receptor interactions with T cell re-
ceptors, immunoglobulins, and antigen-presenting cells [29].

The teleost cell-mediated, cellular components serve the purpose of removing
antigens based on their genetic code and recognition. B-cell lymphocytes are
integral to the proper disposal of foreign matter and the humoral branch for
cell-mediated removal. B-cells function by secreting immunoglobulins into the
plasma to create an antigen-binding complex [30]. These secretory cells are ana-
logues of the mammalian plasma cells and are known as antibody secreting cells
(ASCs) or plasmablasts [31]. The largest concentration of B-lymphocytes exists
in the pronephros and, accordingly, this region is also rich in immunoglobulins
[32]. The incorporation of surface-bound immunoglobulins on the membrane of
the B-cell is also naturally occurring and allows for further antigen interactions
and subsequent pathogen removal or control. Following the creation of the an-
tibody-antigen complex, the B-cell is capable of orchestrating phagocytic cells or
the complement pathways for the removal of the target cell. This immunoglobu-
lin, in conjunction with associated transmembrane proteins, constitutes the
B-cell receptor complex [30]. The B-cell is responsible for the appropriate allo-
cation of immunoglobulins in the plasma and BcR complex and can induce im-
munoglobulin characterization and class-switching through V(D)] recombina-
tion events [33]. The class-switching and genetic rearrangement of the immu-
noglobulins allows for an extremely specific antibody-antigen interaction and
the flexibility to sort for future antigen encounters.

Immunoglobulins (Ig) contain heavy and light chain structures with respec-

tive constant and variable regions [31]. In teleosts, IgM, IgD, and IgT (associated
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with the intestinal immunology) have been determined as antibody classes [34].
IgM is the most prevalent teleost immunoglobulin and takes on a tetrameric
form as an antibody, allowing for eight separate antigen binding sites (separated
by disulfide bonds) [31]. IgM shares a similar multi-faceted formation with the
mammalian form (pentameric), but in mammals, IgG is the most common im-
munoglobulin. IgM is commonly used in many immunoglobulin studies because
it is most prevalent and the regions are well-mapped. IgM contains four constant
regions of exons that constitute a conserved u region [35]. It should also be
noted that IgM may exist in a monomeric form, with the possibility of forming a
tetrameric complex, within some teleost immune systems [29]. IgD in teleosts is
a relatively new discovery and involves alternate splicing at the c-J region [31].
IgD has been characterized and discovered in channel catfish (/ctalurus puncta-
tus) and it appears that IgD tends to be placed on B-cell membranes, perhaps
adding excess to the BCR [36]. The IgT has yet to be fully characterized and it is
quite dissimilar to both IgM and IgD. It is speculated that IgT contributes a pro-
tective role in developed mucosal and gastrointestinal regions, but it has also
been found to be present in zebrafish during early immunological development
[37].

T cells take on an intrinsic role in the cell-mediated adaptive immune system
and direct immune function following the initial nonspecific defenses and pro-
vide an immunological response following antigen recognition with APCs. Fol-
lowing pattern recognition through the TCR, the T cell may then direct the for-
eign matter to removal via cytokine stimulation, phagocytosis or eliminate the
cell with its own intrinsic function. Thus, the two main classes of T cells, T hel-
per cells and cytotoxic T cells, elicit their cellular response depending on the
MHC pairing and specific antigen-receptor interactions [38]. The differentiation
and regulation of T cells is dependent upon various influences from nearby im-
munological molecules. For instance, the helper T cells are regulated by antigen
binding affinity, antigen concentrations, and signaling from APCs, while cyto-
toxic T cells are influenced by surrounding helper T cells and cytokine intensi-
ties [39]. Additionally, the release of IL-2 has been found to act as a growth
promoter for overall T cell development [40]. Following differentiation, helper T
cells release IFN-y to assist with combatting viral infections and also produce-
lymphotoxin (LT) to assist with intracellular pathogens [40]. The classification
of helper T cells can be further divided into classifications based on their func-
tionality and targeted pathogens. The Thl cell is responsible for providing
cell-mediated clearance of microbes while the Th2 subset tends to target multi-
faceted pathogens, such as parasites [41].

Teleost T cells appear to be closely related to the mammalian subset and con-
tain complementarity-determining region 3 (CD3) binding domains within the
TCR [42]. The thymus and head kidney harbor T cell development and serve as
a base for circulating T cells in the plasma. Koppang et al (2010) have estab-
lished the salmonid CD3 as an effective T cell marker to evaluate expression re-

gions and anatomical distributions of T cells [42]. Consequently, the TCRp re-
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gion has been found to undergo recombination and is immensely involved with
viral recognition [43]. It was found that large populations of T cells inhabit the
thymus, while they are also present in kidney and splenic regions following de-
velopment [38]. In addition to T cell characterization, the antigen presentation
of both major histocompatibility complex (MHC) class I and II has illustrated
the directional activation of a T cell response. MHC class I interacts with the
CD8+ cytotoxic T cells while MHC class II assists with complex formation in
helper T cells [38].

4. Teleost Intestinal Immunity

The intestinal anatomy in teleosts provides antigen processing during digestion
and enhances immune capacity. As external food sources enter the gastrointes-
tinal tract (GIT) following feed uptake, the stomach and intestinal segments are
essential to the removal of pathogenic material in an effort to conserve homeos-
tasis. The intestinal region contains some structural similarity to the mammalian
anatomical design and allows for an added degree of protection from ingested,
pathogenic materials. According to Rombout et al (2011), the teleost intestinal
immune components contain both effector and inductor sites, which express a
wide variety of functions [44]. The effector sites contain the gut-associated lym-
phoid tissues (GALT), such as Peyer’s patches, while the inductor sites are con-
stituted by the lamina propria and its intrinsic lymphocyte population. This
combination of lymphocytes and immunoglobulins work in concert to provide
an encompassing protection throughout the distal intestine. Additionally, there
is a substantial population of T-lymphocytes (both CD8" and CD4"), B-cells (as
indicated by the presence of IgT), and cytokines to create a diversified immuno-
logical center [45]. This dynamic assortment of immunological cells allows for
enhanced antigenic uptake, swift clearance, and the ability to elicit a systemic
immune response.

Components of teleost gut immunology have been closely examined as we
further develop our understanding of the integral relationship between fish
health and nutrition. As aquaculture production numbers rise, the exploration
for high performance alternative feedstuffs has become a major focus area. Soy
protein has been a forerunner in the plant protein realm of fishmeal replace-
ment, and offers a high protein substitute at an attractive price point [46]. In the
past, there has been a focus on the intestinal enteritis associated with the admin-
istration of soybean meal-based diets, particularly in salmonids. The distal intes-
tine is most susceptible to enteric inflammation as a result of the inclusive anti-
nutritional factors (ANFs) and alcohol soluble components of the feed ingre-
dients [47]. Enteropathy may be characterized by decreased vacuoles counts and
altered morphology, increased leukocyte prevalence, decreased microvilli densi-
ty, and a broadening of the lamina propria [48]. Furthermore, it has been found
that a soybean meal inclusion of 5% - 10% may create some symptoms of enteri-
tis in salmonids, necessitating the need for further feedstuff processing [48].

Advanced bioprocessing and extrusion technology provides for the elimina-
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tion of these enteritis-causing factors and has the use of soyin aquafeed manu-
facturing. Interestingly, Urn ef al (2008) found that a slight increase of 4°C in
water temperature may also induce the rapid onset of enteritis following con-
sumption of soybean diets by Atlantic salmon (Salmo salar) [49]. In another
study with European sea bass (Dicentrarchus labrax), Torrecillas et al (2013)
found that treatment with mannan oligosaccharides increased leukocytes, goblet
cells, and lymphocyte migration, thereby indicating a pronounced immunologi-
cal benefit from a natural feed additive [50]. The additional bioprocessing of
these feedstuffs is responsible for reducing ANF effects and the enhanced diges-
tibility.

The teleost intestine contains many of the innate immune attributes found in
other anatomical regions. The intestinal mucosa is a saturated substrate for leu-
kocytes and they are harbored within layers of the lamina propria [51]. Within
these strata are NK cells, lysozyme, and granulocyte proliferation; ultimately
leading to increased production of superoxides and lysozyme [52] [53]. In an
additional role, the epithelial cells act as a secondary barrier to secure the pas-
sage while allowing for appropriate nutrient passages, signaling permeability and
a viable gut microflora to enhance digestive processes [50]. Macrophages in the
distal portions of the intestine also aid as antigen-presenting cells, thereby al-
lowing for antigens to interact with the adaptive immune system for recognition.
In addition to the resident macrophages, other granulocytes are also found in
the intestinal segments for innate clearance [51]. These innate populations are
spread throughout the lamina propria and epithelial linings of the intestine,
which allow for a close proximity to digested pathogens.

The adaptive immunity of the teleost gut has been well-studied; yet, many
avenues remain to be explored. The lack of an organized GALT and varying pH
changes through GIT passage allow for a diverse habitat of immune cells [34].
The intestinal regions have been found to have an inherent population of im-
munoglobulins and isolated populations of both B and T cells, known and in-
tra-epithelial lymphocytes (IELs) [54]. Additionally, T cells have been found to
be present in the midgut, harbored in the lamina propria. These T cells can be
further divided into regulator and effector populations in order to examine the
adaptive response [55]. Immunoglobulins have been thought to be dispersed
throughout various intestinal regions; yet, it has been concluded that there are
some relatively localized segments that are rich in IgM. Following viral interfe-
rence, mast-cell analogues have been determined to assist with inflammation
and the indirect propagation of immunoglobulins [56]. Inami et a (2009) found
that there is a higher concentration of IgM-positive cells in the rectal region of
Atlantic cod (Gadus morhua), in comparison to the foregut and stomach regions
[57]. This finding coincides with the known adaptive immunocompetency of the
distal intestine, and elaborates on the ability for immunoglobulins to aggregate
in specified regions aside from traditional GALT. In terms of antigen presenta-
tion to the adaptive components, the distal to mid intestinal regions have been

found to contain the greatest concentrations of MHCII molecules, and subse-
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quently, lymphocyte pockets and dendritic cells [58].

Adaptive immune studies of the intestine have also created some speculation
on additional immunoglobulins within the teleost system. ILs, insulin-like
growth factors (IGFs), and COX genes have all been determined to play an es-
sential role in cytokine signaling within intestinal layers [52]. As fish lack IgA, a
serum or secretory immunoglobulin involved in mammalian mucosal systems,
IgM is rapidly degraded within the harsh environment [59]. Thus, the need for a
rapidimmunoglobulin proliferation response and adequate cytokine signaling is
integral to ensure a prominent internal defense. Ordas et al (2012) studied the
CCR?7 receptor for cytokine activation and regulation [60]. It was determined
that this receptor recognized cytokine motifs and assists with the up-regulation
of B and T cells within the teleost gut. A comprehensive determination of the
role of intestinal cytokines will elucidate the mechanism of viral and parasitic
invasions among fish species. Additionally, the role of IgT as a teleost immu-
noglobulin is also underway as a targeted research endeavor for gut immuno-
physiology and mucosal immunity [61]. Cytokines associated with IgT regula-
tion may enact undetermined components of mucosal immune response propa-
gation, as the B-cell concentrations have been shown to be variable among te-
leost species [34].

Current and future research initiatives hold much promise for a more com-
plete understanding of this immune system component. Many interesting find-
ings have enveloped the more complex aspects of the adaptive immune pro-
cesses with respect to systemic migration of immune cells and cytokines. A tho-
rough understanding of the teleost intestinal immunology may provide some
developmental comparisons for the mammalian immune system. Further inves-
tigation within this enteric system may also allow for enhanced vaccine delivery
components, novel immunoprophylactic feedstuffs, and clarification of receptor

interactions for defensive pathogen recognition.

5. Teleost Cytokines

Cytokines are signaling molecules and immunomodulating proteins that facili-
tate intercellular communication to aid immune response in both the innate and
adaptive immune systems. These small proteins exert their effect on a variety of
immune cells and have the ability to spread quickly throughout areas of inflam-
mation, bacterial invasion, and viral entry. The conservation of cytokines across
vertebrates is clear and many teleost studies incorporate the monitoring of cyto-
kine expression as a measure of immune competency [62]. Alternatively, the ge-
netic homology between related cytokines is dissimilar within families, which
may account for their ability to encompass a large scope of pathogens and their
physiological impacts [63]. The major families of cytokines are the ILs, Interfe-
rons (IFN), Tumor Necrosis Factors (TNF), and Transforming Growth Factors
(TGF) [62]. These proteins are produced by a number of immune cells, includ-
ing lymphocytes, granulocytes, and macrophages, again spanning innate and

adaptive teleost immunity [64]. Each of these subset members exerts their effect
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in a regulatory manner and may affect the progressive activities of both viral and
bacterial removal. The TNF-A cytokine is one of the preliminary cytokines re-
leased following a malignant instigation and it contains the ability to induce fu-
ture interleukins [62]. The TNF superfamily contains approximately 19 protein
constituents and they are responsible for inducing immune cell relocation,
apoptosis, and leukocyte differentiation [65]. TNF-A has been found to initiate
macrophages to the inflammatory site, command neutrophil migration, and
heighten the respiratory burst potential [66]. The next phase in cytokine solicita-
tion may be the interleukin modulation. The interleukins are also responsible for
bathing the infectious areas with granulocytes and macrophages while further
secreting additional cytokines to cleanse the region. There have been approx-
imately 35 families of interleukins identified to date and many of these cytokines
are secreted by T-helper cells, macrophages, monocytes, and endothelial borders
[67]. The IL-B homologue has been detected in 13 teleost species and has been
found to exhibit a conserved function of macrophage migration and T cell re-
cruitment for advanced viral pathogens [14] [68]. COX-2 is a pro-inflammatory
gene that is also stimulated by IL-1B and aids in the expression of MHC class II
macrophages [62]. Following further macrophage recruitment, the interleukins
also contain the ability to activate cortisol release via the hypothalamic-pituitary-
interrenal axis to alleviate symptoms associated with the infection [66]. IL-B and
IL-A are often first to be produced as a result of infection and may further
propagate interleukin production for enhanced specificity to the inflammation
[63]. Conversely, viral infections are often slated to IL-18 expression for the in-
corporation of IFNs and T-helper cell conscription [63]. In addition, IL-4 is
found to be an efficient promoter of Th2 differentiation while IL-2 stimulates
the replication of T cells after an antigen has been presented to the adaptive sys-
tem [62].

IFNs are involved in multiple phases of the immune system, but mainly target
the viral entry. There are two classes of interferons, Type I and Type II mole-
cules, that produce various immunological responses [69]. Type I IFNs are pro-
duced by various immune cells following viral stimulation and are generally
classified as being a or S [69]. Type II IFNs are elicited by T cells and NK cell
types to enhance phagocytosis from macrophages and increased MHC I and II
production [63]. This type is also referred to as the IFN-y and this cytokine is
summoned by increased concentrations of IL-12 and IL-18 [69]. In the case of
many hormones, IFNs act by attaching to a specific receptor and they are me-
diated by regulatory factors, including the protein family Suppressors of Cyto-
kine Activity (SOCS) [70]. The SOCS proteins target the Janus kinase/signal
transducers and activators of transcription (JAK-STAT) pathway, which adjusts
cellular functions based on cellular conditions and external stimuli [71]. SOCS-1
and SOCS-3 act upon this JAK-STAT pathway to control various concentrations
of system cytokines, thus eliminating inflammation and tissue damage that may
occur with increased cytokine expression [71]. As a result of this regulatory me-
chanism, it is clear that negative feedback for the SOCS proteins is crucial to

proper functioning of teleost immune systems, in addition to proper cytokine
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production. Aside from the negative inhibition, certain PAMPs, bacteria, virus-
es, and parasites have demonstrated the ability to induce SOCS expression [72].
Furthermore, the teleost stress response, more specifically the release of cortisol,
has been found to up-regulate the expression of the SOCS genes and create an
inhibition of the regulatory cytokines [73]. The discovery of SOCS proteins and
their genetic constituents within yellow perch (Perca flavescens) was only re-
cently discovered by Shepherd et al [71]. The expression mapping associated
with these genes alludes to the complexity of cytokine regulation within teleost
immune responses.

Recombination-activating gene 1 (RAG-1) is an essential component of the
antigen-dependent reorganization of antibodies in the adaptive immune re-
sponse of teleosts [74]. In the adaptive immune response, the antibody compo-
nents rearrange their genetic structure to associate with their respective antigen
components, thus allowing for efficient clearance. The RAG-1 is effective with
developing B and T cell and its expression is aligned with the developmental
immune stages in fishes [75]. As such, RAG-1 expression may be used as a
marker for studying the ontogeny of the teleost immune system through somatic
growth stages. In a study of RAG-1 mutation in zebrafish, it was determined that
reduced RAG-1 expression led to a down-regulation of adaptive immune cells
(non-functional lymphocytes, NK cells, etc.) while neutrophil concentrations
increased in a compensatory response [76]. There is only a single copy of RAG-1
available in the genome for expression; therefore, any genetic mutations during
transcription of the gene may also result in immunodeficiency for the fish.
RAG-1 is regulated by IKAROS, a nuclear protein, to direct appropriate antibo-
dy reception sites for the B cell population [77]. Hence, the antibody determin-
ing regions of lymphocytes is organized in a complex manner and controlled by
cytokines or genetic regulation at various organizational levels.

Cytokines derived from the TGF superfamily serve as modulators of lympho-
cyte availability and function while directing the activity of many other immune
cells via chemotaxis [65]. Differentiation of both lymphocytes and T cells are
dictated by TGF-p levels and the molecule may play a role in reproduction or
apoptosis of these immune cells [26]. By the same token, TGF- S ensures appro-
priate levels of the adaptive immune molecules to prevent excessive proliferation
and adequate availability in the case of infectious onset. TGF-$ has also been
found to play an important role in intestinal immune regulation and may be es-
sential to avoiding intestinal enteritis with many soybean-based products [78].
In short, the vast realm of cytokine signaling is imperative for the proper func-
tioning of the teleost immune system. Further examination of cytokine expres-
sion provides researchers with relevant information towards immune system
ontogeny, pathological signaling, and the administration of immunostimulants

to provide benefits for fish.

6. Immunoprophylactics

Fish that have well-developed, highly functioning immune systems provide in-
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creased aquaculture yields. Hence, the evaluation of immune-enhancing ingre-
dients in aquaculture applications has been a research subject of increasing in-
terest in the past few decades. Many novel feed additives and administration
methods have been studied to improve fish health. Traditionally, non-specific
immune parameters have been studied in teleosts as injection was the most
common administration route, and thus, response times were limited to shorter
durations following treatment [5]. Injection may induce a fast-acting response,
but may require repeat dosages that cause stress. The route of administration is
an integral component to immunostimulant testing. Recently, immunostimu-
lants have been incorporated into aquafeeds for oral delivery, therefore creating
an extension of the immunoprophylactic efficiency [79]. Oral (feed) administra-
tion alleviates the stressful injections, but estimation and control of dosage is
difficult, as the medication may have to be applied in an unpalatable vector. This
delivery method is most practical for enhanced dietary blends that may serve as
potent disease-resisting supplements. The combination of the immunostimulant
offers the possibility of an easily digestible immunoprophylactic combined with
a well-fitted dietary blend, thus ensuring appropriate dispensing and ensuring a
regimen that may have long-term potential (dependent upon feeding schedules).
Common immunostimulants are derivatives from bacteria and yeasts. Various
microbial fermentation processes have also appeared in the plant-based feeds-
tuffs market, thereby creating a need for immunoprophylactic testing to deter-
mine efficacy. The evaluation of these enhanced dietary blends may clarify and
identify important immune-enhancing properties that could alleviate expensive
treatments or medications.

Previous studies with injected microbial components have elicited improve-
ments to the innate immune system, including lysozyme production, increased
complement activation, and have promoted macrophage function [5]. Compo-
nents from bacterial cell walls and internal structures act by heightening availa-
bility of non-specific cellular components and raising antibody titers [79]. Lipo-
polysaccharides (LPS), peptidoglycan components (PG), and Mycobacterium
strains have all been previously implemented to heighten immune response in
teleosts [80]. The responses generated as a result of these treatments have been
increased phagocytosis, respiratory burst, and T cell and B cell up-regulation.
For example, Casadei et al found that the feeding of PGs to rainbow trout in-
creased levels of antimicrobial peptides (AMPs), such as cathelicidin-land -
defensin 4, produced over a 14-day time interval [81]. The transcription of AMP
mRNA is increased following bacterial injection, therefore creating an over-
concentrated pool of available AMPs to combat infection and maintain an ele-
vated presence [82]. This ability to up-regulate AMP expression is linked to the
ability to recognize PAMPs on the bacterial components. The PG in the Casadei
study was isolated from bacterial sources, similar to the extraction of many im-
munostimulants from bacterial, plant, and viral sources [81]. This extraction
process from bacteria may be an efficient means of generating heightened im-

munity, but may prove too costly on a production scale. Consequently, many
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researchers have turned to more naturally abundant yeast or plant sources for
their immunogenic properties.

Polysaccharide-derived immunostimulants have been favored for their ability
to be transferred orally and their capacity to be incorporated directly into aqua-
feeds. p-glucans have emerged as a frontrunner in many teleost studies because
of their availability for processing and capacity to enhance the immune system
[5]. B-glucans are found in the cell walls of yeast and fungi with inherent $-1,3
and f-1,6 glycosidic linkages [83]. Innate immune cells in teleosts have been
found to have specific glucan receptors on the cell membranes that appear to
stimulate phagocytic ability [84]. Thus, a dosage-dependent concentration of
F-glucans may be optimized for immune enhancement. Furthermore, similar
glucan forms are also found in the fibrous components of oats and barley, which
are commonly used in agricultural feeds [80]. The inclusion of these feed ingre-
dients in conjunction with bioprocessing may create new variations of immuno-
prophylactic feedstuffs. In a capacity similar to bacterial injection, the f-glucan
is responsible for increasing macrophage activity, respiratory burst, and cytokine
production [85]. Therefore, it appears that many of the innate immune parame-
ters are modulated with the specialized feeds. Although many of the S-glucan
teleost studies target innate immune responses, some adaptive immune charac-
teristics have also warranted investigation.

Cell-mediated immunity components and cytokine dynamics may change
depending on administration route, concentration of glucan administered, and
teleost species. For example, Chansue ef al found a slightly increased array of
cytokine expressions in Nile tilapia following oral dosages of S-glucans [86]. IL-
£ and TNF were evaluated using anti-human cytokine protein components and
ELISA; both hormones are known for their interactions with T and B lympho-
cytes. Conversely, Rodriguez et al. determined that injection with B-glucans in
zebrafish resulted in much more elevated IL-f and TNF levels [87]. These au-
thors suggest that the immune induction of p-glucans may up-regulate tran-
scription in particular regions, creating the promotion of possible cytokine vari-
ations (e.g. TNF-al and TNF-a2) with different effector functions. This varia-
tion may be further examined in a variety of fish species. Adjusting the glucan
concentration and induction schedule may produce optimized applications for
individual species and life stages.

There have also been recent accounts of immunogenic properties of soybean
meal in various aquaculture species. An investigation with Atlantic salmon and
soybean meal dietary supplementation has yielded supporting evidence for im-
mune enhancement [88] [89]. Following administration of soy diets, the salmon
were found to have increased concentrations of macrophages within the lamina
propria of the distal intestine [88] [89]. There has been much debate whether
soybean-based feeds have a beneficial or negative impact on the immune system,
as some soybean-based diets may induce higher than normal immunoglobulin
levels while limiting leukocyte recruitment numbers to respond to the pathogen.

The predominant form of enteritis resulting from soybean feeds may create en-
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hanced susceptibility for opportune infections, such as furunculosis, caused by
Aeromonas salmonicida. Alternatively, it has been observed that macrophage
chemotaxis and antibody titers have been found to increase with the increasing
levels of soybean-based protein within the aquaculture diets [90]. This increase
may be attributed to less than adequate amino acid levels in the feeds, namely
arginine, glutamine, and cysteine. Although fishmeal contains a relatively com-
prehensive amino acid profile, the enhanced soybean-based diets may offer larg-
er inclusions of these immune-stimulating amino acids while promoting a more
proficient digestibility for nutrient absorption and growth.

Nucleotide supplementation has also been found to elicit an immunomodula-
tion response on some teleost species. The addition of nucleotides has been of
recent interest and has been implemented to assist with enhanced growth in
soybean diets. Nucleotide addition refers to the process of adding genetic con-
stituents in the effort to provide more strata for somatic growth and develop-
ment. More specifically, nucleotide addition has been found to enhance cytokine
expression levels, assist with development of the GIT, and promote an increase
in fillet mass within some species [91]. It has also been found that appropriate
nucleotide profiles are directly correlated with increased cytokine levels and gene
expression of IL-1f8 and IgM throughout the kidneys [74]. These benefits may be
of importance in soybean diets as they can compensate for some nutritional
shortcomings while creating a possible immunoprophylactic effect.

Immunostimulant testing most certainly warrants further investigation and
quantification for exact efficacies. As feed manufacturers move to bioprocessed
plant-based feed ingredients, immunostimulant testing may reveal hidden health

benefits that may improve aquaculture production.

7. Concluding Remarks

With respect to the fish immune response and topics presented within this re-
view, the overall process may be characterized within the general teleost immune
response directives (Figure 1). Although many specific components of the te-
leost immune response may be a focal part of research, a more comprehensive
understanding of the interactions and combined efforts of system branches
presents. For instance, current research efforts aim to further investigate the role
of mucosal immunity in teleost fish and characterize the immunopotentiating
interactions with the gut microbiome [92]. Further, this systemic understanding
has many applications for oral vaccination design and the development of pro-
tective responses within the fish [93] [94]. The future development and im-
proved efficiency of immune-enhancing feedstuffs and disease management
strategies should promote more superior yields and increase the sustainability of

intensive aquaculture.
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AMP: Antimicrobial peptide

ANF: Antinutritional factor

APC: Antigen presenting cell

ASC: Antibody secreting cells

B: Bursa-derived

BCR: B-cell receptor

CD: Cluster of differentiation

CD3: Complementarity-determining region 3
CRP: Complement reactive protein

ELISA: Enzyme-linked immunosorbent assay
GALT: Gut-associated lymphoid tissue

GIT: Gastrointestinal tract

IEL: Intra-epithelial lymphocyte

IEN: Interferon

IG: Immunoglobulin

IGF: Insulin-like growth factor

IL: Interleukin

JAK-STAT: Janus kinase/signal transducers and activators of transcription

LPS: Lipopolysaccharide

LT: Lymphotoxin

MAC: Membrane attack complex

MBL: Mannose binding lectin

MHC: Major histocompatibility complex
mRNA: Messenger ribonucleic acid

NK: Natural killer

PAMP: Pathogen-associated molecular pattern
PG: Peptidoglycan

PRR: Pattern recognition receptor

RAG: Recombination-activating gene
SAP: Serum amyloid protein

SOCS: Suppressor of cytokine signaling
T: Thymus

TCR: T-cell receptor

TGF: Transforming growth factor

Th: Helper T-cell

TNEF: Tumor necrosis factor

USD: United States dollars
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