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Abstract
The field of mucosal immunology research has grown fast over the past few years, and our
understanding on how mucosal surfaces respond to complex antigenic cocktails is expanding
tremendously. With the advent of new molecular sequencing techniques, it is easier to understand
how the immune system of vertebrates is, to a great extent, orchestrated by the complex microbial
communities that live in symbiosis with their hosts. The commensal microbiota is now seen as the
“extended self” by many scientists. Similarly, fish immunologist are devoting important research
efforts to the field of mucosal immunity and commensals. Recent breakthroughs on our
understanding of mucosal immune responses in teleost fish open up the potential of teleosts as
animal research models for the study of human mucosal diseases. Additionally, this new
knowledge places immunologists in a better position to specifically target the fish mucosal
immune system while rationally designing mucosal vaccines and other immunotherapies. In this
review, an updated view on how teleost skin, gills and gut immune cells and molecules, function
in response to pathogens and commensals is provided. Finally, some of the future avenues that the
field of fish mucosal immunity may follow in the next years are highlighted.
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1. Introduction
Most infections start at or affect the mucosal epithelia of animals. Mucosal surfaces face
many antigens while living in harmony with commensal microorganisms, known
conjunctionally as microbiota. Over the last few years, the literature has been filled with
many studies on how the microbiota shapes the host and its immune system [1–3].
Commensal colonization brings many physiological, metabolic and immunological benefits
to the host. Some specific examples include harvesting of nutrients from food, providing
essential vitamins and producing biofilms that block pathogen entrance [4]. The mucosal
immune system of vertebrates comprises a unique array of innate and adaptive immune cells
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and molecules that act in concert to protect the host against pathogens (Figure 1). At the
same time, the mucosal immune system has evolved to permit the colonization of mucosal
surfaces with complex and diverse microbial communities [4, 5]. For example by
developing lymphocytes with high specificity and memory capacities, the vertebrate
mucosal immune system is capable of remembering commensals and pathogens. In a
parallel way, commensals have evolved decreasing its pathogenicity in order to inhabit the
advantageous and nutritious mucosal surfaces, like the gut, without being eliminated [4].
This represents an intricate example of co-evolution that scientists are slowly beginning to
unravel.

Both pathogens and commensals share “microbe-associated molecular patterns” (MAMPs)
recognized by the pattern recognition receptors (PRRs) of the immune system. This means
that the immune system cannot distinguish, for instance, if the lipid A core binding motif of
LPS that interacts with TLR4, in fact originates from a commensal or a pathogen [6].
Therefore, permitting commensal colonization requires precise homeostatic regulatory
mechanisms from the host’s immune system. Commensals may nevertheless become
harmful if homeostasis is breached and they access the host’s internal milieu [4].

Fish live in aquatic environments, which are an ideal medium for microorganism growth
compared to air. These conditions may pose additional challenges to the mucosal immune
system of aquatic vertebrates versus their terrestrial counterparts. As a consequence, some of
the principles of mammalian mucosal immunity may not be necessarily applicable to aquatic
vertebrates. In teleosts, the gut, the skin and the gills are the main mucosal surfaces and
immune barriers. Lower vertebrates, like cartilaginous and teleost fish, are the oldest
animals with an adaptive immune system based on antibodies, B cells and T cells [7].
Additionally, teleost fish are the most primitive vertebrates where dedicated antibodies
specific to mucosal surfaces have been characterized [8]. These large and multifunctional
surfaces represent the sites where the innate and adaptive immune systems first had to
cooperate during the evolution of vertebrates to allow “good” while avoiding “bad”
microorganisms.

As described later in this review, the gut, skin and gills of fish, despite having some
functional and structural differences, all share many characteristics with type I mucosal
surfaces of mammals [9] (Figure 1). Mammalian type I mucosal surfaces are represented by
the intestine, the respiratory tract and the uterus, and they exert physiological functions in a
similar way to those of teleost mucosal surfaces. Type I mucosal surfaces contain mucus-
secreting cells generally arranged in a simple one-layered epithelium. Teleost mucosal
surfaces also contain mucus-producing cells arranged in a simple columnar epithelium in the
gut [10], one to four layers of cuboidal or squamous epithelial cells in the gills [11], and a
stratified squamous epithelium in the skin [12]. In mammalian mucosal surfaces the main
immunoglobulin is IgA, which is mostly produced by plasma cells present in the gut lamina
propria. In a similar way, the teleost IgA homologue, IgT/IgZ, has a preponderant role in gut
mucosal immunity [8]. Additionally, in mammals Igs are exported across epithelial barriers
into the lumen via the polymeric immunoglobulin receptor (pIgR) expressed by epithelial
cells. The pIgR is also expressed in the gut [8] and skin [13] of teleosts and it is responsible
for the transport of IgM and IgT across mucosal barriers. Further, many other
immunological elements of the adaptive and innate immune system, like the presence of T
cells, macrophages, mast cells, dendritic cells and the coordinated expression of cytokines,
are common to mucosal surfaces of mammals and teleost fish as illustrated in Figure 1.
Thus, the study of fish mucosal immunity is not only exciting because of its interest to
aquaculture researchers and evolutionary biologists but also because it offers a unique model
to study unresolved aspects of mucosal immunity in mammals.
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This review emphasizes the importance of investigating the mucosal immune system of
teleosts and highlights the most recent advances (both basic and applied) in the field.
Furthermore, the parallelisms and differences with the mammalian mucosal immune system
and predictions on future discoveries in this research area are described. Finally, mucosal
immunotherapy approaches, like probiotics and vaccines, which may help improving not
only the mucosal, but also the overall immune response of fish, are discussed.

2. Innate immunity at teleost mucosal surfaces
The innate components of the immune system are the first barrier that the microorganisms
have to confront in their contact with the host. Thereby these components are abundant at
mucosal surfaces and their interaction with commensals is highly regulated to avoid hyper
reaction. In this section, the humoral and cellular innate components present at mucosal
surfaces of teleosts are reviewed and compared to their mammalian homologues.

2.1 Mucus
Amongst the innate defense mechanisms present at mucosal surfaces, the mucus is one of
the most important ones. The predominant molecules present in mucus are the mucins.
Mucins are high molecular weight glycoproteins that contain one or more protein domains
with sites of extensive O-glycan attachment. Along with mucins, a complex mixture of other
proteins, ions and lipids are also found in mucus, creating an ideal niche for microbial
adherence and growth. Mucus composition determines its adhesiveness, viscoelasticity,
transport and protective capacity.

In mammals, two different layers can be observed within the gut mucus: an outer “loose”
mucus layer, rich in microbiota and diverse oligosaccharides of mucin glycoproteins, and an
“inner” adherent mucus layer, largely devoid of bacteria [14]. The structure and composition
of intestinal mucins were studied in carp (Cyprinus carpio) revealing their similarity to those
found in mammals [15] although these two layers have not been described in teleosts to
date. Both commensals and pathogens can adhere to mucus in fish as shown by an
assessment of different bacterial strains conducted in Atlantic salmon (Salmo salar) [16].
However, certain pathogens may differ themselves from commensals, since one pathogenic
strain, Vibrio anguillarum serotype O2, did not adhere to salmon mucus but to the mucosal
tissues directly [16].

A few mucin-encoding genes (Muc) have been identified in teleosts [17–19]. In carp, two
mucin genes have been characterized: Muc2 and Muc5B [18] showing a high similarity to
their mammalian and avian counterparts. Carp Muc2 is mostly expressed in fish intestine as
it is in mammals. Mammalian Muc2 is secreted from goblet cells residing in the epithelial
lining into the lumen of the large intestine. Absence of Muc2 resulted in defective mucus
layers in mice leading to increased bacterial adhesion to the surface epithelium, increased
intestinal permeability, and enhanced susceptibility to colitis caused by dextran sodium
sulfate (reviewed by Kim & Ho, 2010 [20]). This molecule disassociates both pathogenic
and commensal bacteria from the colonic mucosa of mammals, highlighting the fact that
innate immune components tend to eliminate any microorganism regardless of its nature
[21]. In carp, Muc5B is mostly expressed in the skin and its expression in this tissue is up-
regulated upon β-glucan administration [18]. In mammals, Muc5B is a major contributor to
the lubricating and viscoelastic properties of whole saliva, normal lung mucus and cervical
mucus [22].

Interestingly, carp skin mucus properties appear to shift in response to increases in the
overall bacterial load in the water [23]. In particular, total glycosylation levels and acidic
glycoconjugates increase whereas changes in the terminal presence of some sugars can be
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observed [23]. Similarly, the characteristics of seabream (Sparus aurata) gut mucus change
in response to myxozoan parasite infection, with higher glycosylation levels and terminal
glycosylation of mucus proteins in the posterior gut upon parasite infection [24]. These high
molecular weight proteins of mucus from parasitized fish have lower adhesion of bacterial
pathogens compared to controls [24]. In another study, the skin and gill mucus from three
salmonids were studied in response to amoebic gill disease (AGD). From that study, it was
concluded that Atlantic salmon and brown trout (Salmo trutta) both exhibit a whole-body
mucus response to AGD, whereas rainbow trout (Oncorhynchus mykiss) exhibits only a
local response in the gills [25]. Thus, it is possible that at least, the physicochemical
properties of gill and skin mucus may shift coordinately in response to a gill parasite,
although this may not be a general response in all hosts or to every disease agent. Yet, our
understanding on how the fish host is able to regulate mucin gene expression, mucus
glycosylation patterns and mucus composition in order to respond to pathogens and
commensals, is far from complete.

2.2 Humoral innate immunity
It is well-known that fish mucosal secretions carry a wide variety of innate immune
molecules including complement proteins, lysozyme, proteases, esterases and AMPs (for
previous reviews see Esteban, 2012 [26]). Mucosal innate defense mechanisms even if
intended to eliminate pathogens need to be permissive towards commensals. This
permission does not mean inactivity, since the production of biologically active innate
components like lipids, antimicrobial peptides, cytokines, and chemokines, as well as
oxidative and nitrosylated moieties, are essential for microbes and host cells to form a
symbiosis [6]. Currently, our knowledge on how teleosts modulate innate immunity to
tolerate commensal colonization is scant.

Studies on a germ-free zebrafish (Danio rerio) model have revealed that protection of fish
larvae until the onset of adaptive immunity is dependent on innate immune mechanisms that
are directly regulated upon commensal colonization [27]. The results from this study have
important implications for the aquaculture sector since different aquarium environments will
lead to a different commensal community colonizing the larvae mucosa. Therefore, the
commensals first colonizing the fish larvae may ultimately decide the larval ability to resist
viral and bacterial infections. As a consequence, manipulating microbial colonization in
hatcheries has the potential to modulate the host’s innate immune response. This point is
further discussed later in this review.

The relative contribution of each one of the innate components to the total immune response
appears to be variable amongst different teleost species. Interestingly, differences in the
levels of innate immune molecules in the mucus may also reflect certain ecological
strategies. For example skin mucus enzyme activities have been reported high in two bottom
dweller freshwater species, and low in clean water inhabiting species [28]. The same study
found that serine and metalloproteases were the major mucus proteases in all six fish species
investigated. Aquatic vertebrates appear to have high concentrations of free sugars on the
skin surface, which could possibly be a mechanism to protect the integrity of the epidermis
against the attacks of commensal skin micro inhabitants, including bacteria and fungi [29].

With respect to cytokines, the current paradigm in mucosal immunity in mammals is that
commensals induce the expression of anti-inflammatory cytokines such as TGF-β whereas
pathogens trigger pro-inflammatory responses such as IL-1β and IL-17 [30]. Moreover, the
cytokine IL-22 is able to drive the anatomical containment of gut commensals in mammals
[31]. It is thought that analogous mechanisms must exist in aquatic vertebrates although
these are yet to be discovered.
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This review mostly focuses on complement and AMPs, due to the importance of the first in
bridging innate and adaptive immunity and of the latter in regulating commensals and
pathogens. The complement system is present both in vertebrates and invertebrates. In
mammals, the complement is responsible for several functions including the modulation of
adaptive immune responses, the promotion of inflammatory reactions, the elimination of
apoptotic and necrotic cells and most importantly, the destruction of pathogens. Full-
complement component lytic activity was measured in human midcycle cervical mucus, its
activity was 11.5% of the activity of complement in an equal volume of undiluted human
serum [32], revealing the importance of the complement in mucosal immunity. More
importantly, the complement protein C3 is essential for the regulation of intestinal tolerance
and thereby for the establishment of commensals in mammals [33]. All three complement
activation pathways (classical, lectin and alternative pathway) as well as the cytolytic
pathway are present in teleosts [34, 35]. The presence of several complement components
has been demonstrated in mucosal tissues of teleost fish. At the transcript level, C7
expression can be detected in the skin and intestine of grass carp (Ctenopharyngodon idella)
[36], C9 in the gills and intestine of ayu (Plecoglossus altivelis) [37], C3-1, C3-3, C3-4, C4,
C5, C7, factor B and D in the intestine of rainbow trout [38] and C7, factor P and D in skin
of carp [39]. At the protein level, C3 was found in the gills of Atlantic salmon [40], the
intestine of Atlantic halibut (Hippoglossus hippoglossus) [41] and gills and intestine of
Atlantic cod (Gadus morhua) [42], while mannan-binding lectins (MBL) have been detected
in the anterior intestine of rainbow trout [43]. Expression of complement genes is up-
regulated in teleost mucosal surfaces in response to mucosal pathogens. For example, the
skin of carp infected with Ichthyophthirius multifiliis (Ich) showed a ~250-fold increase in
the expression of a factor B-homologue [39, 44]. Ich infections also increased the expression
of C3 in the gills of rainbow trout [45]. In a similar way, expression of some complement
genes was slightly induced in the skin (C3-2, C8b, B/C2-A1, B/C2-B, MASP2, I) and gills
(C1q, C4, C3, C6, C7, B/C2-A1, B/C2-B) of zebrafish after stimulation with poly I:C [46].
C3, C8, C9 and factor B were induced in the skin of the same species after infection with the
bacteria Citrobacter freundii [47]. C6 expression was up-regulated in the gut but down-
regulated in the skin of grass carp after challenge with Aeromonas hydrophila [48]. Thus far,
studies addressing the role of complement in teleost mucosal sites are lacking, although an
important function of complement in the killing of pathogens in these surfaces is suspected.

The study of AMPs represents one of the fastest growing fields in mucosal immunity. Fish,
similar to mammals, produce many different AMPs (Figure 1) with antibacterial, anti-viral
and anti-fungal activities (reviewed by Rajanbabu & Chen, 2011 [49]). Importantly, AMPs
shape the composition of the microbial communities associated with mucosal surfaces in
mammals and limit the extent of microorganism colonization [50]. Due to the importance of
AMPs in mucosal immunity and in controlling commensals and pathogens, the current status
on fish AMPs in the context of mucosal immune tissues is presented here. Table 1
summarizes the AMPs from teleosts that have been found in the gut, skin and gills.
Assuming that homogenous sampling efforts have been undertaken, this table shows that
teleost skin is a major source of AMPs with approximately ~70% of all AMPs expressed in
this mucosal tissue, compared to ~52% and ~29% expressed in the gills and the gut,
respectively (Table 1). Amphibian skin is the largest source of AMPs of all vertebrate
animals. Thus, it appears that skin may rely more heavily than other mucosal barriers on
AMP function. The molecular and structural studies of teleost AMPs are starting to be
coupled to investigations on their specific role in mucosal immunity and their effects on
commensals and pathogens. For instance, bath exposure of Atlantic cod to a commensal
bacterium results in a downregulation of the expression of beta defensin in the gills, whereas
the same AMP is upregulated in the skin. Bath challenge with live pathogen upregulated
cathelicidin expression mainly in gills, and hepcidin in gills, skin and rectum [51].
Additionally, the “extended self” (commensals) may secrete their own repertoire of
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antimicrobial defenses (bacteriocins) as summarized by Gallo & Nakatsuji, 2011 [52].
Commensal-derived antimicrobial substances can also indirectly modulate the host AMP
activity in vertebrates [53], but examples in fish are currently lacking. From an applied point
of view, fish AMPs can have important applications as antimicrobial and antitumoral agents,
vaccine adjuvants and inactivated vaccines [49]. For instance, some AMPs may be useful
immunotherapeutics and enhance the effects of some drugs as demonstrated by Zahran &
Noga, 2010 [54]. Yet, caution must be applied since AMP delivery to farmed fish may lead
to dysbiosis, i.e. microbial imbalance in the mucosa, similar to what happens when
antibiotics are delivered to fish or mammals. Thus, more research in the field of fish-derived
and microbial-derived AMPs will be very useful in understanding the host-commensal-
pathogen interactions and to potentiate the immune responses in the host.

2.3 Cellular innate immunity
The main cellular components of the mammalian innate immune system are natural killer
cells, mast cells, eosinophils, basophils and phagocytic cells including macrophages,
neutrophils and dendritic cells. This section will focus on the cell types that are especially
relevant in mucosal tissues and have equivalents in teleost fish. Due to their importance in
mucosal defense, the role of epithelial cells as first sensors of commensals and pathogens is
also discussed.

Epithelial barriers isolate the underlying tissues from potentially noxious determinants of the
environment. These barriers are formed by epithelial cells, mucus-producing cells,
neuroendocrine cells and an intrinsic immune system (Figure 1). Epithelial cells are not the
mere bricks that form a palisade, but active orchestrators of homeostasis, commensal
colonization, innate and adaptive immune responses [2]. Epithelial cells interact directly
with pathogens and commensals. They express PRRs including lectins, nod-like receptors
(NLRs) and toll-like receptors (TLRs). In fish, as in mammals, intestinal epithelial cells
express intestinal alkaline phosphatase. In zebrafish, this enzyme was shown to detoxify
LPS and to prevent intestinal inflammation in response to the resident microbiota [55].
Whereas the array of PRRs expressed by mammalian epithelial cells is well characterized,
studies on teleost fish are not available except for the case of NOD1/NOD2, which are
expressed by zebrafish gut epithelial cells [56]. Intestinal epithelial cells (enterocytes) are
known to be responsible for antigen uptake in teleosts (reviewed by Rombout et al., 2011
[57]) and play a critical role in the transport of mucosal Igs by expressing pIgR, as explained
later in this review.

As an example of the interaction between fish epithelial cells and microorganisms, resident
intestinal bacteria enhance the stability of β-catenin in intestinal epithelial cells and promote
cell proliferation in the developing zebrafish intestine [58]. High epithelial turnover is also
an effective way to clear pathogens. On the other hand, pathogens such as viruses are known
to induce apoptosis in fish epithelial cells [59, 60].

Most mammalian studies use the cell line CACO-2 as a model to study gut epithelial cells
(see review by Bailey et al., 1996 [61] as an example). Similarly, a gut epithelial cell line
from rainbow trout, RTgutGC, was recently developed [62] and epithelial cell lines from
other origins (non-intestinal) are available from a number of teleost species. Primary skin
epithelial cell cultures from rainbow trout were instrumental to reveal the ability of this
bacterial pathogen to evade endocytosis by epithelial cells [63]. Since the skin (and gills) of
aquatic vertebrates lacks keratinization, they secrete mucus, and they are formed by living
cells (Figure 1), the epithelial cells of these tissues are likely to carry important immune
functions as it is the case in the gut.
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Mast/eosinophilic granule cells (EGCs) are tissues-resident cells found throughout the body,
particularly in association with structures such as blood vessels and nerves, and in proximity
to surfaces that interface the external environment. In fish, mast cells, sometimes referred to
as EGCs, are most abundant in the gills, gut and skin. Functionally, teleost EGCs show close
similarity to the mast cells of mammals. Their tissue distribution in fish species from a
certain genus appears to be conserved [64]. In mammals it has been shown that recruitment
of mast cells to mucosal tissues is dependent on the presence of commensal microorganisms
[65]. Recruitment of mast cells/EGCs to sites of inflammation is a common feature in many
teleost mucosal tissues (reviewed by Reite & Evensen, 2006 [64]). As shown in Table 1,
mast cells from mucosal tissues have been studied with respect to their AMP content.
Additionally, the number of mast cells and their AMP content have been quantified in
striped trumpeter (Latris lineata) and seabream (Sparus aurata) in response to copepode
parasite infections [66, 67]. However, apart from their localization and AMP content, little is
known about the biology or function of these innate immune cells in mucosal immunity. For
instance, the receptors they express, the Igs they bind (or not) and their role in Th2
immunity are yet to be investigated.

Mucosal dendritic cells (DCs) are one of the most important components of the mucosal
immune system of mammals (Figure 1). They represent a population of DCs when
compared to systemic DCs and they specifically imprint mucosal homing molecules on B
and T lymphocytes [68, 69]. Mucosal DCs are instrumental for the containment of mucosal
immune responses avoiding systemic immune responses. In mammals, mucosal DCs are
able to directly sample antigens from the gut lumen and uptake both commensals and
pathogens [70]. Moreover, mucosal DCs can retain small numbers of live commensals for
several days [71]. Recently, dendritic-like cells have been characterized in zebrafish and
rainbow trout [72, 73]. It is interesting that DCs are scarce within the gut, spleen, and kidney
of adult zebrafish but account for approximately 15% of the mononuclear phagocytes in the
skin [74]. In fact, it has been postulated that zebrafish skin contains DCs that are equivalent
to mammalian Langerhans cells [72]. Future studies may reveal how fish mucosal DCs
orchestrate innate and adaptive immunity in response to pathogens and commensals.

Macrophages and granulocytes are also present in all three teleost mucosal lymphoid tissues
(Figure 1). Within the gut of some species, regional differences exist with regards to the
abundance of these innate immune cell types. For instance, the rectum of cod (Gadus
morhua) appears to harbor higher numbers of granulocytes and macrophages than the distal
gut (hindgut) [75]. The paradigm in mammalian immunology is that mucosal macrophages
are essential for local homeostasis and in keeping a balance with the commensal microbiota.
Intestinal macrophages are partially inert in the healthy gut and cannot promote
inflammation despite constant exposure to bacteria and other stimuli [76]. In vitro studies in
rainbow trout comparing mucosal versus non mucosal leucocyte activities show some
parallelism with mammalian mucosal macrophages [77]. Intestinal phagocytes are 4–10
times less activated by yeast cells than head-kidney phagocytes. However, when they are
activated they can ingest as many yeast cells as their HK counterparts. The zebrafish model
offers a unique opportunity to study these two cells types in the different mucosal surfaces
since there are available lines where macrophages and granulocytes can be visualized by
fluorescence microscopy thanks to GFP-labeling of specific markers. The
Tg(mpx::eGFPi114) zebrafish larvae have neutrophils expressing eGFP [78]. The
lysC::EGFP and lysC::DsRED2 are lysozyme C reporter lines where macrophages can be
visualized [79]. Using these tools, it was demonstrated that homeostatic numbers of
neutrophils in the intestinal epithelium of zebrafish are established by the microbiota [55].
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3. Adaptive immunity at teleost mucosal surfaces
Adaptive immunity first emerged when the earlier vertebrates (agnathans) appeared
approximately 500 million years ago. One of the current evolutionary hypotheses is that
adaptive immunity may have been driven mainly by the microbial colonization of mucosal
surfaces [4, 80]. In this section the presence and roles of immunoglobulins (Igs), and B and
T lymphocytes in mucosal surfaces of teleost fish are discussed in the context of
commensals and pathogens.

3.1 Humoral adaptive immunity
The principal components of the humoral adaptive immune response are the Igs. Due to the
particular characteristics of mucosal surfaces, vertebrates have specialized Igs in their
mucosal surfaces. In mammals, IgA is the main Ig involved in mucosal immune responses
and immune exclusion of commensals. Low-affinity IgA has enough capacity to protect the
host from the immune activation induced by commensals, but affinity maturation of IgA is
required to protect the host from more invasive microorganisms [81]. In contrast to
mammals (five classes of Igs present), only three Ig isotypes have been described in teleosts
so far: IgM, IgD and IgT. IgM represents the main Ig in the plasma of teleosts and the main
player in systemic immune responses. IgM is also present in mucosal secretions and is
involved in responses against several pathogens (reviewed in Salinas et al., 2011 [82]). For
instance, while at low levels, IgM has been reported to be present in mucosal areas of
several species [82], including the gut of rainbow trout [8], skin of channel catfish (Ictalurus
punctatus) [83] and gills of rainbow trout [84] and brook trout [85, 86] (Figure 1).
Moreover, recently it has been demonstrated that the IgM heavy chain of fugu acts as a N-
acetyl-glucosamine (GlcNac) binding protein having a potent inhibitory effect on the growth
of many kinds of bacteria [87], and thereby possibly controlling commensals. IgD is found
in all vertebrates although its expression was lost in avians and in some groups of mammals
[88]. IgD is known to be expressed in all immune tissues at the transcript level, and at the
protein level IgD is detected at very low concentration in the rainbow trout plasma, while its
function still remains enigmatic [89]. The last discovered Ig in teleosts is IgT [90] also
called IgZ in some species [91]. IgT has been found in all teleosts species examined so far,
except for channel catfish [92]. IgT, similar to mammalian IgA, is the only teleost Ig isotype
with a specialized mucosal function as demonstrated in the gut of rainbow trout [8]. More
specifically, it was shown that IgT-specific responses against a gut parasite are only detected
in the gut mucus, while IgM-specific responses are only found in the serum [8]. This
indicates a compartmentalization of IgT and IgM responses in mucosal and systemic sites
respectively. Supporting the idea that IgT plays a key role in gut immunity, this Ig coats gut
commensal bacteria in a similar way than IgA does in mammals [8]. Thus far, IgT represents
the most ancient immunoglobulin specialized in gut mucosal immunity in the vertebrate
lineage. In addition, IgT is also the prevalent Ig isotype in the skin mucosa of rainbow trout
and an specific anti-Ich IgT-response is found in the skin mucus of survivor fish [93](Figure
1). Also, comparable to mammalian mucosal surfaces, teleosts express pIgR and its
secretory component (SC) associates with IgT and IgM in rainbow trout gut mucus [8] and
with IgM in fugu (Takifugu rubripes) skin mucus [13] (Figure 1). The pIgR is directly
involved in the transport of secreted Igs across the gut mucosal epithelium of mammals, and
thereby plays an important role in immune exclusion. Moreover, its association to Igs in
teleosts reveals an evolutionary conservation, and thus, the importance of these two
elements in the mucosal immune system of vertebrates.

3.2 Cellular adaptive immunity
There are two main arms in the adaptive immune system of any gnathostome vertebrate: B
cells and T cells. Among other functions, the main role of B cells in adaptive immunity
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appears to be the recognition of antigens in their native form and the production of Igs
against those antigens. Some teleosts like the channel catfish possess three B cell subsets
IgM+/IgD+, IgM+/IgD−, IgM−/IgD+ [88], whereas two populations (IgD+/IgM+/IgT− and
IgD−/IgM−/IgT+ B cells) have been characterized in rainbow trout [8]. Additionally, IgM+ B
cell populations have been found in many other teleost species [94–97]. For a detailed
review of their presence and distribution in gut, skin and gills of several teleost species see
Salinas et al., 2011 [82]. In rainbow trout, IgM+ B cells represent the major population of B
cells in most immunological tissues, but in the gut IgT+ B cells account for ~54 % of all B
cells [8] (Figure 1). Furthermore, the percentage of IgT+ B cells, but not IgM+ cells,
increased in the lamina propria of the gut after a parasite infection [8], indicating a
preponderant role for IgT and IgT+ B cells in gut mucosal immunity. Interestingly, rainbow
trout IgM+ and IgT+ B cells have phagocytic and bactericidal capacities [8, 98], proving that
these cells not only produce antibodies, but also may act directly in the elimination of
pathogens in systemic and probably mucosal areas in fish. In a similar way, IgT+ B cells are
located in the gill epithelium whereas IgM+ B cells are located in the gill arterioles and
capillaries of rainbow trout after infection with Ich, supporting the idea of a separation
between mucosal and systemic immunity, respectively [45] (Figure 1). Channel catfish skin
contains IgM secreting plasma cells with numbers increasing after Ich infection [83].
Importantly, recent results in our laboratory indicate that IgT+ B cells are also the main B
cell population involved in adaptive immunity in the rainbow trout skin epithelia [93]
(Figure 1). IgD secreting plasma cells are present in the gills of rainbow trout, occurring in
similar proportions to IgM secreting cells [89]. However, B cells accounted for only ~1% of
the total gill leukocytes in that study [89].

T cells play an essential role in cell-mediated immunity and as they interact with the bacteria
present in mucosal surfaces it seems they are very important in creating tolerance or
immunity against the commensal microbiota [30]. There are different T cell subsets in
mammals (cytotoxic, Th1, Th2, Treg and Th17) and some of them have also been described
in teleost fish (for tissue distribution in mucosal surfaces see Figure 1). The most studied
mucosal tissue in teleost is the gut where the presence of a T cell-like population has been
shown in a number of species including sea bass (Dicentrarchus labrax), carp, Atlantic
salmon (reviewed in Rombout et al., 2011 [57]) and recently rainbow trout [99].
Specifically, gut intraepithelial lymphocytes (IELs) in seabass account for 55% of the total
leukocytes in the gut [100] as assessed by immunostaining with the DLT15 mAb [101]. In
rainbow trout an anti-CD8α mAb has shown that cytotoxic T lymphocytes (CTLs) constitute
~55% and 25% of all lymphocytes from gut and gills, respectively [99]. Additionally CD3ε+

T cells are found in the gut and abundantly in the inter branchial tissue within the gills of
Atlantic salmon [102]. The presence of a putative CD8+ T cell population has been found in
the intraepithelial lymphoid tissue of rainbow trout at the base of gill filaments, and it
accumulates in that area after Ich infection [45]. Moreover, several studies have investigated
the expression of T cell markers in gut and gill T cells [99, 103, 104]. The summary from
those studies shows that teleost mucosal T cells express CD3ε, TCRα, TCRβ, TCRγ, CD4,
CD28, TCRζ, CD8α and β and RAG-1. Which T cell subsets actually express the
aforementioned markers remains to be investigated. Moreover, functional studies on teleost
T cells in mucosal areas are scarce.

Teleost skin T cells have not been studied in detail so far. At the transcript level, expression
analyses suggest a transient increase of TCRα (CD4-1) in Atlantic salmon skin following
salmon louse infection [105] but a down-regulation of some T cell markers [105] (i.e., CD3,
CD8, CD28, CD99 and TCR) and also tyrosine kinases (BTK and LCK) after cortisol
treatment [106]. It is therefore likely that putative T cells present in fish skin participate in
skin immune responses although this hypothesis is yet to be tested.
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To date, no studies have investigated the cooperation between B and T cells during mucosal
immune responses in teleost fish, probably because only few antibodies recognizing T cells
are available. Such studies will be critical in order to understand the relationships between
commensals, pathogens and the host immune system.

4. Exploiting mucosal immunity for immunotherapy
The control and eradication of mucosal pathogens requires targeted immunotherapies that
specifically protect local mucosal sites. Several new mucosal delivery approaches are being
developed and optimized for use in mammals. The aquaculture industry will benefit from
these technological advances by exploiting the strengths of the fish mucosal immune system.

4.1 Manipulating the fish host microbiota
With the advent of deep sequencing, the microbiomes of many organisms including fish are
becoming available to the scientific community [107, 108]. However, the great biological
diversity found in teleosts is likely to result in significant differences in the microbial
communities associated with their mucosal surfaces. This diversity is not fully characterized
yet. Moreover, it is clear that the environmental microbial composition in fish farms differs
from that of the natural aquatic environment. Since the microbiome is known to control the
development and function of the mucosal immune system, any manipulation of the
microbial composition will affect how the fish host will mount mucosal immune responses.
Microbial intervention in aquaculture is a powerful way to increase water quality, inhibit
pathogens and boost the host immune response [109].

It is presumed that those microorganisms transferred from the broodstock to the eggs
(maternal transmission), form the pioneer microbiota of the developing larvae, which may
influence the future actions of the immune system. Aquaculture often involves artificial
spawning and fertilization of fish eggs. It is likely, therefore, that the pioneer microbiome of
hatchery fish is largely different to the one of wild specimens, although this remains to be
investigated. In aquaculture, eggs are kept in incubators with a microflora that differs
considerably from that in the sea, and become heavily overgrown with bacteria within hours
after fertilization [110]. Eggs may be sterilized by various techniques such as UV-
irradiation, ozonization, membrane filtration, and antibiotics. All of them are commonly
used in intensive larviculture, disturbing the balance of microbial communities and favoring
bacterial growth (reviewed by Olafsen, 2001 [110]). Overall, removal of the egg epiflora
will reduce the microbial heterogeneity and this is likely to impact the development of the
mucosal immune system. After hatching, bacteria present in the water and food may
colonize the gut, gills and skin of the fish. In aquaculture, fish larvae are kept in incubators
with hatching eggs and debris, resulting in a 1000-fold increase in bacterial counts of the
ambient water through hatching [111]. In the case of marine fish larvae, drinking begins
before the yolk sac is consumed and, thus, bacteria enter the digestive tract before the period
of active feeding commences [110]. Older larvae may also ingest bacteria by grazing on
suspended particles and egg debris.

Fish commensal bacteria are thought to remain in the external surfaces, associated with the
mucus. However, mammalian studies have revealed an active role of epithelial cells in
sensing commensals via a number of innate immune receptors as well as presence of
commensals inside of gut dendritic cells and Peyer’s Patches [71]. The composition of fish
commensal communities as well as their metabolic and immunological roles have been
poorly characterized. It is likely that resident commensals shape and control mucosal
immune responses of fish in unique ways we do not yet understand. In the case of
commensals translocating across the epithelium (in a controlled manner or not), it is likely
that the fish host will develop specific antibodies against these bacteria. Those antibodies
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can be secreted to the mucus and coat commensals, keeping them in the external
environment in a process known as immune exclusion [112].

Although there are many definitions found in the scientific literature, probiotics can be
defined as “one or more microorganisms with beneficial effects for the host, able to persist
in the digestive tract because of its tolerance to acid and bile salts” [113]. Over the recent
years, there is great interest in the application of probiotics in aquaculture [114] including
the manipulation of the fish microbiota. This field has grown considerably over the past ten
years and currently there are several commercial preparations of probiotics that contain one
or more live microorganisms for use in aquaculture. Probiotics can be delivered in the food
or added directly to the water tank. Bacterial and fungal strains isolated from the skin and
gut of different fish species have been delivered orally resulting in increased systemic
immunity [115], mucosal immunity [116, 117] as well as resistance to fish pathogens [118],
respectively. If the probiotic delivered is able to colonize the host mucosal surface, the
modification of the microbiota may be permanent. If the microorganisms delivered are
present only as long as they keep being delivered to the host, the effects on the immune
system may be just temporary [119]. The latter appears to be the most common case both in
fish and mammals. Yet, temporary effects may be critical and still shape the development of
immunity during early larval stages. Interestingly, it seems that site-specific commensals are
critical to protect the mucosal site where they usually reside [120]. This is illustrated by
comparisons of skin and gut commensals in mammals and the unique properties of skin
commensals to specifically protect against skin pathogens [120]. Thus, further efforts must
be directed to characterize gut-specific, gill-specific and skin-specific commensals in fish
that can uniquely control pathogens that enter or affect those sites. Ultimately, mucosal
antibodies may have a critical effect on whether any microorganism delivered to farmed fish
will colonize the mucosal epithelia or translocate and cause and inflammatory systemic
immune response. Additionally, it cannot be ignored that after initial delivery of a strain not
previously recognized as self by the host, tolerance may be generated and therefore
subsequent treatments will no longer elicit the same responses. Overall, our basic
understanding of fish mucosal Igs and memory responses needs to be used to expand and
support the rational design of probiotic-based immunotherapies.

Immunostimulants are commonly used in aquaculture to boost the natural immune response
of fish. Oral immunostimulant delivery aims to enhance local gut and systemic immune
defenses. Many of the immunostimulant formulations for fish are substances that the
commensal bacteria use as a source of nutrients and energy. For instance, Protec Trout
contains β-glucan, nucleotides and vitamins to improve gut health whereas AquaVac
Ergosan contains extracts of Laminaria digitata and Ascophyyllum nodosum. For this
reason, it is likely that immunostimulants have an impact on the fish microbiome. However,
few studies have addressed this question and the 16s ribosomal DNA has not been
sequenced in this context. For a review on this topic see [121]. The ability of orally-
delivered immunostimulants to enhance innate immunity seems to be different in the gut,
compared to other mucosal surfaces. This is illustrated by a recent study where mannan was
orally administered to seabass and gut but not skin mucus innate immune functions were
significantly modulated [122]. On the other hand, feeding ergosan or fermented
Saccharomyces cerevisiae to rainbow trout enhances skin mucus innate immune parameters,
indicating some connection between both compartments [123, 124]. Thus, more studies in
the area of immunostimulants are required to understand how effective they are at multiple
mucosal sites and whether or not specific stimulants are required for each mucosal surface.
For a current review of fish immunostimulants see Tafalla et al., 2013 [125].
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4.2 The potential of mucosal vaccination
Mucosal vaccines are the most promising strategy to protect fish from the wide variety of
mucosal pathogens. Vaccination targets adaptive immunity and relies on the generation of
better and stronger responses following primary immunization. In addition, mucosal
vaccines offer many advantages to the aquaculture industry, mostly related to the reduced
labor required when mass vaccinating fingerlings by immersion. Despite these advantages,
the majority of the vaccines for use in aquaculture are delivered by injection, which is by far
the most effective vaccination route implemented to date [126]. However, it is likely that the
route of delivery will be critical for the generation of efficient and long-lasting mucosal
immune responses in fish, as it is known in mammals. Fish mucosal vaccines are delivered
by immersion or orally. For a detailed review on advances in fish vaccine delivery see [126].
Currently, the vast majority of research efforts are directed to the development of novel oral
vaccines and oral delivery technologies for fish. For instance, Artemia, chitosan
microspheres, alginate microparticles or Poly (D, L-lactic-co-glycolic acid) (PLGA)
nanoparticles have been used to encapsulate a variety of vaccine formulations, both bacterial
and viral [127–130]. Many of these encapsulation methods are directed to the delivery of
DNA vaccines usually injected intramuscularly. For a complete review see Tafalla et al.,
2013 [125]. The overall conclusion from these studies is that even if it is possible to induce
an immune response using an orally delivered DNA vaccine, the current oral delivery
systems needs improvement. To our knowledge, no studies have evaluated the changes that
take place in the fish microbiome due to mucosal vaccine delivery. It is possible that the
limited success of mucosal vaccines for use in aquaculture is indirectly mediated by shifts in
the commensal communities caused by the immersion or oral delivery.

The development of better mucosal vaccines for finfish needs to be based on our knowledge
of mucosal adaptive immunity and mucosal memory responses. These studies are yet to be
conducted. In particular, IgT plasma cells and memory cells may be the key to induce long-
lasting gut mucosal immune responses. Combining mucosal vaccines with mucosal
immunostimulants and probiotics could potentially boost both innate and adaptive mucosal
immune responses. In fact, the potential of probiotics as mucosal vaccine carriers and as
vaccine adjuvants is already acknowledged in human medicine [131]. Nanotechnological
breakthroughs continue to open up new avenues in mucosal vaccinology [132] and
aquaculture mucosal vaccines will benefit from these new technologies.

5. Concluding remarks
The mucosal immune system of vertebrates is one of the most sophisticated examples of
evolution found in nature. During vertebrate evolution, increasingly complex body
structures implied higher metabolic rates and created an evolutionary pressure for new
metabolic abilities. Vertebrates thus may have allowed commensals to colonize their mucosa
for the benefits of new genetic material rather than coding for those new metabolic abilities
themselves [133]. The metabolome is therefore defined as the composite product of both the
host genome and the microbiome. The microbiome’s highly adaptive metabolic engine, in
addition to providing essential non-nutrient factors, also substantially increases the host’s
ability to harvest nutrients from food [4]. Thus, the greater the diversity of an animal’s
microbiome, the greater its metabolic capacity. This symbiosis occurs at the mucosal
epithelia, where not only commensals, but also pathogens co-exist. The caveat to being
permissive towards commensals is the need for effective immune regulatory mechanisms in
the mucosal epithelia. In this review common themes shared between fish and mammalian
mucosal immune systems as well as those themes that are unique to teleosts, have been
highlighted. The mucosal immune system of teleosts faces similar obstacles to those
encountered by terrestrial vertebrates, with the added challenge of living in a medium where
microorganisms thrive more than in the air.
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In mammals, the normal intestinal microbiota influences numerous biological processes in
the healthy host, including organ morphogenesis, immune system and gastrointestinal tract
development and maturation, intestinal vascularization, tissue regeneration, carcinogenesis,
bone homeostasis, metabolism and behavior [1]. Although we are still far from
understanding how commensals influence the physiological functions of fish, it can be
speculated that they carry broad and critical roles both in health and disease status. During
intensive fish farming, the microbial composition of the environment and the fish host are
heavily manipulated, impacting the mucosal immunity. Thus, both the “extended self” and
the fish host should be the target of aquaculture immunotherapies during broodstock
management, egg hatching, larval rearing, ongrowing phases as well as diet design, stress
management and product quality assessment. Thinking of the fish host and its microbiome
as one unit and understanding how mucosal immunity works will have a critical impact for
the development of fish vaccines and other immunotherapeutics. As already witnessed,
teleost models such as rainbow trout and zebrafish have the potential to advance our current
knowledge on mucosal immunity and mucosa-related diseases [134]. Therefore, the field of
fish mucosal immunology is likely to grow even further over the next few years. New
breakthroughs in this field will be applicable not only to the aquaculture industry, but also to
human-based research.
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Fig. 1.
Esquematic representation of the similarities and differences between teleost fish skin, gills
and gut, and mammalian skin and type I mucosal surfaces. Structural differences in the type
and number of layers of epithelial cells, as well as the presence of keratine or mucus (and
mucus producing cells) are displayed in the upper half of each diagram. In the bottom the
connective tissue, named dermis in skin and lamina propria in gut and gills, is exhibited.
Similarities in the celular components of the innate immune system (Langerhans cells,
dendritic cells, macrophages, granulocytes and mast cells) are also displayed. Differences in
the localization of B and T cells, the isotype of immunoglobulins and the prescence of the
secretory component (SC) of the polymeric immonoglobulin receptor (pIgR) are represented
as well. Finally, the presence of commensal bacteria and antimicrobial peptides (AMPs) is
shown in the outer mucosal surface or over the keratin layer. Elements that are suspected to
be present in a tissue, but have not been studied so far are marked as unknown (?).
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Table 1

Antimicrobial peptides (AMPs) found in mucosal tissues of teleost fish.

AMP Tissue/cells Host species References

AJN-10 Skin Japanese eel Liang (2011) [135]

Apolipoprotein A-I and A-II Skin Carp Concha (2003) [136]

AS-hepcidin 2 and 6 Gut, skin and gills Black porgy Yang (2011)[137]

Cathelicidin-1 and 2, hepcidin,
LEAP-2

Gut, skin and gills Rainbow trout Casadei (2013) [138]

Chionodracine Gill mast cells Icefish Buonocore (2012) [139]

Chrysophsin Gills Red sea bream Iijima (2003) [140]

Congerin Club cells in gut, skin and gills Japanese conger eel Nakamura (2001) [141]

β-defensin 1 and 2 Skin and gills Carp Marel (2012) [18]

Efap Skin Brown-spotted grouper Zhang (2008) [142]

Epinecidin-1 Gut, skin and gills Grouper Pan (2007) [143]

Gaduscidin-1 and -2 Gills Cod Browne (2011) [144]

Hbb P-1 Skin and gills. Malpighian cells and
alarm cells

Channel catfish Ullal (2008) [145]

Hipposin Skin Halibut Birkemo (2003) [146]

Moronedicin Gills Hybrid striped seabass Lauth (2002) [147]

omDB-2, -3, 4 Gut, skin and gills Rainbow trout Casadei (2009) [148]

Oncorhycin III Skin Rainbow trout Fernandes (2003) [149]

Parasin I Skin Catfish Park (1998) [150]

Pelteobagrin Skin Yellow catfish Su (2011) [151]

Piscidin Gut, skin and gills. Mast cells and
rodlet cells

7 perciform species Silphaduang (2006) [152]

Piscidin 1 Ubiquitous Cod Ruangsri (2012) [153]

Piscidin 1 and 2, β-defensin,
hepcidin, cathelicidin 1

Skin, gills and gut Atlantic cod Ruangsri (2013) [51]

Piscidin 3 Gill mast cells Seabream Dezfuly (2011) [66]

Piscidin 4 Gills Striped bass, white bass seabass
seabream red drum, barramundi

Corrales (2010) [154]

Pleurocidin Gut and skin goblet cells Winter flounder Cole (2000) [155]

TP1-5 Gut (TP4), Skin (TP2-3), Gills
(TP3)

Nile tilapia Peng (2012) [156]

YFGAP Skin Yellowfin tuna Seo (2012) [157]
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