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Abstract 17 

The mucosal organs of fishes are directly exposed to their aquatic environment, which is 18 

suited to the colonization and growth of microorganisms, and thus these barriers are 19 

considered to play an important role in maintaining homeostasis and preventing entry of 20 

invasive pathogens. Research on fish mucosal immunity have shown that mucosal organs 21 

such as gills, skin, intestines, and olfactory organs harbor lymphoid cells, including T and 22 

B cells as well as dendritic-like cells. Findings related to immune responses following 23 

direct administration of antigens into the mucosal organs could help to shed light upon 24 

the development of fish mucosal vaccines. The present review highlights vaccine delivery 25 

via mucosal organs, in particular focusing on methods other than those of typical mucosal 26 

vaccine platforms, such as oral and immersion vaccines. In addition, we propose the 27 

hypothesis that mucosal tissues are important sites for generating cell-mediated immunity 28 

following vaccination with extracellular antigens.  29 

 30 

Keywords: mucosal delivery, teleost, mucosa-associated lymphoid tissues, local and 31 
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1. Introduction 33 

Mucosal vaccines employed for humans and animals include oral, nasal, sublingual and 34 

genital tract vaccines, which have many advantages when compared to systemic vaccines 35 

in terms of means of delivery and stimulation of the immune system [1]. Simple means 36 

of delivery which are needle-free administrations, results in low stress for vaccine 37 

recipients and administrators. In addition, these vaccines are capable of inducing both 38 

systemic and mucosal immune responses. Thus, mucosal vaccines are ideal from both 39 

practical and immunological aspects, and further progress of their development is 40 

warranted. Recently, studies have highlighted prospective vaccines and attempted to 41 

develop them against various pathogens, such as food vaccines mediating plants, bacteria 42 

(e.g. Lactobacillus and Bacillus), yeasts and algae [2], [3], buccal and sublingual vaccines 43 

employing orally disintegrating tablets or fast-dissolving films [4], [5], and nasal sprays 44 

[6]. 45 

Unlike terrestrial vertebrates, fish are constantly exposed to an aqueous environment, 46 

which is ideally suited for the spread of microorganisms. Diverse environmental habitats 47 

have created distinct anatomical and physiological differences between terrestrial 48 

mammals and fish species, and as a result the mucosal immunity of fishes is considered 49 

to be robust. Thus, mucosal immunity is currently a topic of great interest within fish 50 

immunology, with previous studies providing much evidence that fish possess mucosal 51 

immune systems distinct from those of mammals [7], [8]. According to the accumulated 52 

knowledge of fish mucosal immunity, vaccination via mucosal tissues would be expected 53 

to be a promising direction for teleost fish to efficiently induce adaptive immunity with 54 

long-term memory. This review describes possible vaccination routes for teleost fish 55 

along with their resulting local and systemic immune responses, and explores prospective 56 
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methods in addition to the typical mucosal vaccine platforms, such as oral and immersion 57 

vaccines. 58 

 59 

2. Fish mucosal organs 60 

The mucosa-associated lymphoid tissues (MALTs) of mammals are located within 61 

various mucosal sites, such as the gastrointestinal tract, oral passage, nasopharyngeal tract, 62 

thyroid, breast, lung, salivary glands, eye, and skin, and as secondary lymphoid organs 63 

are known to be one of the important sites for generation and maturation of adaptive 64 

immune cells. In teleost fish, the mucosal organs such as the gills, intestine, skin and 65 

olfactory organs are populated by lymphoid cells, including T and B cells as well as 66 

dendritic-like cells. While in fish organized lymphoid structures such as Peyer’s patches 67 

and tonsils have not been found within skin, intestine or olfactory organ, diffuse lymphoid 68 

cells are present in these organs. Only gills contain organized lymphoid structure within 69 

their mucosal tissues from Atlantic salmon [9]. Although the diffuse or organized 70 

lymphoid cells distributed within fish mucosal organs cannot be regarded as counterparts 71 

of mammalian MALTs due to the physiological differences between mammals and fish, 72 

studies on fish mucosal immunity have shown that these organs share functional 73 

similarities to mammalian MALTs [7]. This chapter briefly summarizes one particular 74 

feature of this tissue structure, the distribution of T and B cells, antigen-sampling cells 75 

and dendritic cells (DCs) in each mucosal organ.  76 

Unlike human skin, that of fish is coated with a mucosal layer due to a lack of 77 

keratinisation, with the skin mucus being the first physical, chemical and biological 78 

barrier against infection, desiccation and contact injury [7], [8]. Studies using antibodies 79 

against T and B cell markers have shown that B and/or T cells are abundant in the skin 80 
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epidermis of rainbow trout and common carp [10],[11],[12]. CD8+ MHC class II+ DCs 81 

have been identified in rainbow trout skin, and exhibited functional features similar to 82 

those of mammalian DC subsets [13].  83 

Gills are respiratory organs for aquatic animals and serve as a portal of entry for 84 

microorganisms from the aqueous environment. Thus, gills are also coated with mucus to 85 

protect against invading pathogens. Organized interbranchial lymphoid tissue (ILT) has 86 

been found within the gill epithelium of Atlantic salmon [14], and was shown to be a site 87 

for T cell aggregation and expression of T cell marker genes [9, 15]. Further investigation 88 

has shown that the ILT extends as a diffuse mucosal lymphoid tissue throughout the 89 

trailing edge of the gill filament [16]. Recently, Kato et al. [17] characterised two types 90 

of antigen-sampling cells within trout gill epithelium, including resident DC/macrophage-91 

like cells, that exhibited phenotypic characteristics of M cells. M-type antigen-sampling 92 

cells expressing MHC class II were significantly increased in the gill epithelium 93 

following bath vaccination, suggesting that antigen-sampling cells are involved in direct 94 

antigen presentation to T cells in the gill mucosal tissue of teleost fish.  95 

The intestinal mucosa is an important port of entry for many pathogens. Although fish 96 

intestine lacks organized lymphoid tissues, such as Peyer's patches, and while these 97 

secondary lymphoid tissues are present within mammals, there is evidence that fish 98 

intestine also acts as an immune organ for the generation of adaptive immunity. In support 99 

of this, intraepithelial lymphocytes (IELs) are abundant here [18], and many immune-100 

related genes are expressed [19]. Using several antibodies that recognize T cell markers, 101 

high numbers of these cells were detected in the intestinal epithelium of both carp and 102 

seabass [20],[21]. IgM+ and IgT+ cells were identified all along the intestinal tract, with 103 

the exception of the stomach, in rainbow trout [22]. Antigen-sampling cells sharing some 104 
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morphological similarities with mammalian M cells and macrophage-like cells have been 105 

identified in salmon intestine [23],[24],[25]. In addition to the gills and skin, CD8+ DCs 106 

are present within rainbow trout intestinal lamina propria, where they exhibit significant 107 

phenotypical and functional differences from gill CD8+ DCs [26].  108 

The olfactory organ is a vitally important chemosensory organ for teleost fish as well as 109 

other vertebrates, while it also provides an entrance for pathogenic microorganisms living 110 

in aquatic environments. A diffuse network of myeloid and lymphoid cells within 111 

olfactory organs has been recently discovered in rainbow trout [27] [28]. The predominant 112 

B cell subset found in the trout nasal cavity is IgT+ B cells, as in other mucosal organs, 113 

whereas IgM+ B cells also exist [27]. Furthermore, the genes involved in adaptive and 114 

innate immunity are expressed in nasal tissues. Sepahi et al. have demonstrated the 115 

presence of two different microenvironments in the trout olfactory organ: mucosal and 116 

neuroepithelial, [29]. CD8α+ cells, which display a phenotype of CD8+ T cells, are 117 

clustered at the mucosal tip of the olfactory lamellae, whereas relatively low numbers are 118 

present in the neuroepithelial region. MHC class II+ cells are located closer to the lumen 119 

of the nasal cavity than the neuroepithelial region. The distribution of immune cells in the 120 

two compartments suggests that teleost olfactory organs create an environment for unique 121 

regional immunity without interfering with sensory functions. 122 

These findings indicate that such mucosal organs are the first barriers against pathogen 123 

entry, and are important sites for antigen-sampling and presenting as well as generation 124 

of antigen-specific T and B cells in teleost fish. Therefore, the key to success for 125 

developing fish mucosal vaccines may involve efficient delivery of antigens into these 126 

mucosal tissues with subsequent generation of antigen-specific T and B cells. 127 

 128 
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3. Possible delivery routes for mucosal vaccines 129 

Intraperitoneal (i.p.) injection is the most commonly employed method of administration 130 

for commercial fish vaccines, as i.p. injections reliably induce effective systemic adaptive 131 

immunity [30][31]. Adaptive immune responses against bacteria, viruses and parasites 132 

while following several routes of mucosal immunisations have been investigated in many 133 

fish species (Table 1). This chapter describes candidate vaccine delivery routes that may 134 

conceivably activate adaptive immunity in mucosal organs, and discusses their potential 135 

with comparison to i.p. injection. 136 

 137 

3.1  Immersion vaccinations 138 

In 1976, Amend and Fender demonstrated uptake of bovine serum albumin (BSA) into 139 

juvenile trout blood following exposure to a BSA solution with hyperosmotic treatment, 140 

indicating that immersion immunisation is an effective method for antigen administration 141 

into small fish [32]. This was the first report to propose an immersion vaccination method 142 

for teleost fish. Immersion vaccination is now a popular method within aquaculture 143 

fisheries, and has been shown to be effective against various viruses and bacteria in many 144 

fish species [33], [34]. The primary site of antigen uptake for immersion vaccination is 145 

the skin, although gills are also portal entry sites for antigens [35], [36]. This method has 146 

several advantages in that a large number of fish can be treated simultaneously with a 147 

single vaccination. Furthermore, it can also be used for larvae or juvenile fish that are too 148 

small to be injected, although a developmental stage should be carefully selected in order 149 

to successfully vaccinate without inducing immune-tolerance. Thus, knowledge 150 

concerning when juvenile fish are immune-competent is essential in order to plan an 151 

appropriate time point for vaccination [37]. In addition, it is generally accepted that 152 
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immersion vaccinations are less labor-intensive, and fewer safety issues exist for 153 

administrators in comparison with i.p. vaccine injections. However, immersion vaccine 154 

efficacy remains inferior to that of i.p. administered vaccines. To overcome this issue, 155 

several delivery techniques for immersion vaccinations have been developed to provide 156 

better protection, including: spray [38], [39], hyperosmotic dip [40], [41], [42], [43], low 157 

frequency sonophoresis [44],[45] and flush exposure [46]. Improvements of immersion 158 

vaccines in many fish species have been summarized in several recent reviews [34][47] 159 

[48].  160 

  161 

3.2 Percutaneous administration via stamp injection 162 

‘Stamp’ vaccination utilising a multiple puncture instrument is one method for 163 

percutaneous administration, and has been used for BCG vaccination in humans. This 164 

multiple puncture method in combination with immersion vaccination has been applied 165 

in fish [49] (Fig. 1A). This combined method has several advantages over the two 166 

individual techniques; since higher efficacy was obtained when compared with 167 

immersion alone, this technique could be applicable for vaccines in which protection is 168 

effective following injection but not immersion. In addition, it enables vaccination of 169 

juvenile fish that are too small and are highly sensitive to handling stress to be injected. 170 

However, the types of immune systems and cells that are inducible by this means of 171 

vaccination remains poorly understood, while it can presumably induce a more efficient 172 

mucosal adaptive immunity within the skin as compared with either immersion or i.p. 173 

injection alone. Nakanishi et al. reported that vaccination of rainbow trout with formalin-174 

killed Streptococcus iniae by this method provided protection as effective as that via i.p. 175 

injection, indicating the possibility that this technique could be applicable to aquaculture 176 
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fishes [49]. 177 

Recently, we developed a method to investigate local immune responses in vivo after 178 

subcutaneous antigen administration by using transparent fish fins. Administration of 179 

zymosan into the dorsal fin membrane induced migration of granulocytes to the injection 180 

site in a dose-dependent manner, which could be observed macroscopically due to 181 

transparency of the fin membrane (Fig. 3). This technique allowed us to investigate 182 

phagocytic and respiratory burst activities of granulocytes in vivo without any in vitro 183 

cellular treatment [50]. We obtained similar results following injection of Staphylococcus 184 

aureus bacterial antigen (unpublished data). We also looked at the 185 

migration/accumulation of immune cells at the fin after PHA injection and found that the 186 

increase of granulocytes at 1 day post-injection followed by macrophages and 187 

lymphocytes, including CD4-1+ and CD8α+ T cells, showed the highest number at 5 days 188 

after injection. Interestingly, CD4-1+ lymphoblasts appeared 3 days post-PHA injection 189 

(unpublished data). These results suggested that both innate and adaptive immunity are 190 

induced following PHA injection into the fin. This technique provides a unique tool that 191 

could lead to a better understanding of the mechanisms of local immune responses after 192 

antigen administration within the skin or fin. 193 

 194 

3.3 Oral administration and intubation 195 

Successful oral vaccination against a fish pathogen was first reported in 1942 [51]. This 196 

study demonstrated protection of trout against challenge with the bacterium Aeromonas 197 

salmonicida after feeding for approximately 70 consecutive days upon inactivated 198 

bacteria. To date, oral vaccine delivery strategies for teleost fish have been continuously 199 

improved by many fish vaccinologists, and is currently one of the most popular 200 
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vaccination deliveries for aquaculture fishes.  201 

Oral vaccination, which administrates vaccines with food, is the ideal delivery method 202 

for administrators as it requires the least amount of labour when compared to any other 203 

delivery method. Oral vaccination is also optimal for fish in that it does not incur 204 

additional stress. However, there remain several issues that need to be overcome in order 205 

to obtain higher efficacy of oral vaccines. Administered antigens are degraded within the 206 

gastric fish microenvironment, and vaccine components are often digested before they 207 

are able to prime immune cells. Recent reviews have summarized the current knowledge 208 

on experimental oral vaccines while focusing on the encapsulation of antigens to protect 209 

them from gastric degradation [52], [53]. Encapsulation can be accomplished by use of 210 

various materials including polymers such as alginate microparticles [54], [55], chitosan 211 

[56], liposomes [57], MicroMatrix and poly(D,L-lactic-co-glycolic acid) (PLGA) [58] 212 

and have been applied to oral vaccination platforms against various pathogens in teleost 213 

fishes. Furthermore, oral vaccination employing bioencapsulation in live vehicles such as 214 

the brine shrimp Artemia [59], rotifers and water fleas [60] has been developed for larval 215 

fish that cannot feed on pelleted food. Oral antigen administration, including that of 216 

inactivated virus and recombinant viral antigens as well as DNA vaccines, provide 217 

effective protection for fishes and result in the upregulation of genes related to adaptive 218 

immunity [54], [55], [56], [61], [60], [62] and local and systemic antibody production 219 

[63], suggesting induced adaptive immunity in GALTs. However, recent studies reported 220 

that oral administration of alginate encapsulated DNA vaccines did not confer protection 221 

against spring viremia of carp virus (SVCV) [64] or koi herpes virus (KHV) in common 222 

carp [65]. The conditions for oral vaccination, such as vaccine type and encapsulation 223 

method as well as selection of a challenge model for evaluating the resultant protective 224 
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effect, should be considered for each pathogen and/or fish species. Another issue involves 225 

suppression of cellular and/or humoral immune responses as a result of oral tolerance [66]. 226 

Since it is presumed that repetitive antigen administration, timing of fish developmental 227 

stages, temperature, and type of antigens are all factors involved in the induction of 228 

tolerance in fish [67], [68], [69], administrators should be mindful when they orally 229 

vaccinate fish. 230 

Oral intubation is a method that allows for reliable antigen administration into the gut 231 

or stomach. Although this method is utilised as an experimental model for oral 232 

immunisation, it may be difficult to apply practically within the context of mucosal 233 

vaccines [70]. However, as it can directly deliver vaccines to the gut, higher efficacy is 234 

expected when compared with oral administration. 235 

 236 

3.4 Anal intubation 237 

Anal intubation using soft thin tubes is another route of direct administration of vaccines 238 

into the intestine (Fig. 1B) and is considered to waste less vaccine when compared to oral 239 

administration. This method can allow for complete infusion of the vaccine into the fish 240 

body; thus, it would be expected to directly activate immune cells within the intestine and 241 

subsequently induce host adaptive immunity. Furthermore, this method avoids vaccine 242 

degradation in the highly acidic environment of the stomach. Since anal vaccination has 243 

been shown to be effective for inducing both cell-mediated and humoral responses in 244 

local and systemic adaptive immunity [71], [72], [73], it is expected to be a more effective 245 

vaccination platform than i.p. injection or oral administration. While this method requires 246 

highly skilled administrators and is more time-intensive, it is likely in incur fewer safety 247 

issues for administrators than injection. Therefore, for practical application of this method, 248 
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development of novel equipment and easy to employ procedures is critical. 249 

 250 

3.5 Direct administration to gills (per-gill administration) 251 

Direct exposure of antigens to the gills has been performed in both common carp and 252 

ginbuna crucian carp [57], [74], [75]. This method has been established for artificially 253 

infecting carp with KHV and has resulted in reliable development of KHV disease 254 

[57],[75]. The antigen solution is first dropped onto the gills via pipette (Fig. 1C). After 255 

this treatment, fish are maintained in the air for 5 min to allow the antigen to adsorb onto 256 

gill tissue. To avoid drying of the body surface, the fish is wrapped with a wet towel 257 

during the absorption process. This method enables direct delivery of antigens into the 258 

gills and thus could be anticipated to induce efficient adaptive immunity. We applied this 259 

technique for evaluation of the adaptive immune response via gill-only sensitization with 260 

live virus using clonal ginbuna crucian carp. Consequently, both cell-mediated and 261 

humoral immune responses could be induced by this administration, suggesting that gill-262 

only sensitization is sufficient to generate systemic adaptive immunity [74]. However, the 263 

protective effect of this method has not yet been investigated, and the cellular activities 264 

induced by gill antigen administration did not compare with those following i.p. injection. 265 

Thus, further studies are needed to elucidate the efficacy and feasibility of “per-gill 266 

vaccination”.  267 

As described above, the gills are the only mucosal organ of fish containing organized 268 

lymphoid tissue, which includes various immune cells. Since the gill is a target organ for 269 

many infectious agents, this method could provide strong local immunity at this primary 270 

infection site. Thus, gill-only administration is a method of mucosal delivery that can 271 

effectively prime host adaptive immunity within these important organs. 272 
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  273 

3.6 Nasal immunisation 274 

Nasal vaccination is a method in which a vaccine solution is dropped into both fish nares, 275 

which can rapidly stimulate immune cells within the nasal cavity [27], [76](Fig. 1D). An 276 

experimental model using two vaccines within rainbow trout, the live attenuated 277 

infectious haematopoietic necrosis virus (IHNV) and enteric redmouth (ERM) vaccines, 278 

showed that nasal vaccination can elicit strong host immunity and provide protection 279 

against the infections. It has been shown that nasal administration is as effective as 280 

injection of vaccines in terms of protection. Interestingly, a series of studies demonstrated 281 

that dual vaccination against two different pathogens via the nasal route was a very 282 

effective vaccination strategy for use in aquaculture, particularly when each nare was used 283 

separately during delivery [77]. Salinas et al. demonstrated that nasal vaccination can 284 

elicit high levels of protection against IHNV and ERM within young trout at 360, 450, 285 

and 1050 days old [76]. However, it should be noted that nasal delivery of live attenuated 286 

IHNV vaccine caused significant mortalities in 360-day-old trout (with average weight 287 

of 2.37 g). These results indicate that nasal vaccination is efficient in protecting juvenile 288 

fish, but that administrators should take care concerning the developmental stage of fish 289 

when utilizing live vaccines by this method.  290 

Safety is a concern for nasal vaccines because the olfactory nerve connects the nasal 291 

cavity directly to the central nervous system (CNS). To evaluate the safety of the live 292 

attenuated IHNV nasal vaccine in rainbow trout, Larragoite et al. demonstrated that nasal 293 

delivery led to minimal presence of viral RNA in the brains of vaccinated trout, indicating 294 

a low probability that nasal vaccination causes adverse health effects in vaccinated fish. 295 

This finding supports that nasal vaccination can be acceptable for use in aquaculture 296 
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fishes [78].  297 

Although nasal vaccination needs to be examined in fish species other than rainbow 298 

trout, these findings clearly indicate that this vaccination platform could have the potential 299 

for development of a practical and effective means of providing mucosal vaccinations in 300 

fish. 301 

 302 

4. Adaptive immune responses following mucosal immunization 303 

The primary advantage of mucosal vaccination is to induce adaptive immunity within 304 

both local and systemic organs. Recent reviews have outlined that mucosal immunisation 305 

is capable of eliciting local and systemic immune responses to various pathogens in many 306 

fish species [34],[31],[48],[79]. In this chapter we highlight studies of local and systemic 307 

immune responses of IgT and IgM following immunisation. Furthermore, we discuss how 308 

mucosal immunisation with exogenous antigens can effectively induce cell-mediated 309 

immunity. 310 

 311 

4.1. IgM and IgT responses following mucosal immunisation 312 

IgM and IgT antibody responses can be used to evaluate humoral adaptive immunity 313 

following mucosal vaccination [7, 18]. IgM plays an important role in systemic immunity, 314 

and IgT has a specialized role in gut mucosal immunity and functionally resembles 315 

mammalian IgA [80]. Accumulating evidence has shown that vaccinations via various 316 

mucosal routes can induce systemic and local immune responses of these 317 

immunoglobulin (Ig) classes [7], [81], [82]. 318 

Oral administration with encapsulated or yeast-displayed vaccines induced upregulation 319 

of IgT and IgM transcription in both local and systemic organs of several fish species [55], 320 
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[56], [62],[83]. It has been reported that either mucosal, oral, or anal immunisation can 321 

induce equal levels of systemic IgM titers with intramuscular or i.p. injection in several 322 

fish species [71], [72], [84], whereas some studies showed that IgM antibody titers 323 

obtained from mucosally-vaccinated fish were not detectable or were lower than those of 324 

i.p. injected fish [85],[86]. Furthermore, anal vaccinations showed a greater increase of 325 

IgM antibodies not only in serum but also within gut and skin mucus [72], [85]. 326 

Immersion vaccination also induced upregulation of IgM and IgT genes in flounder [47], 327 

and turbot elicited a much stronger IgT response in local organs compared with 328 

vaccination by injection [87]. In rainbow trout, immersion or anal immunisations with an 329 

attenuated Flavobacterium psychrophilum induced significant upregulation of IgT in gills 330 

or intestines, respectively, whereas they did not induce a systemic IgM response [88]. 331 

These studies indicated that priming of the gut or skin efficiently induce IgT and IgM 332 

production in both mucosal and systemic organs and demonstrated higher efficacy than 333 

i.p. injection. 334 

Direct administration of virus onto gills induced IgM production as determined from 335 

ginbuna crucian carp serum, indicating that priming onto the gills alone can induce 336 

systemic IgM responses [74]. However, as the antibody response was not comparable to 337 

that of systemic vaccination, it remains unclear whether gill vaccination is more effective 338 

than systemic vaccinations. Since it has been reported that IgT and IgM genes are 339 

expressed in ILT in adult Atlantic salmon, ILT may be important lymphoid tissue for B 340 

cell activations [16]. To demonstrate its utility within fish vaccination however, further 341 

study is needed to understand the humoral immunity induced following stimulation via 342 

ILT.  343 

The olfactory epithelium of rainbow trout contains greater numbers of B cells than that 344 
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of the gut and skin, and the predominant B cell subset in nasal cavity is IgT+ and not IgM+ 345 

[27]. A recent study has shown that bath infection with the parasite Ichthyophthirius 346 

multifiliis elicited strong parasite-specific IgT responses within nasal mucosal tissue, with 347 

accumulation of IgT+ B cells in the nasal epidermis following immersion infection [89]. 348 

These findings suggested that adaptive immune responses in the nasal cavity are similar 349 

to those in other mucosal tissues and that parasite-antigen-specific IgT is generated within 350 

nasal cavities. Furthermore, another recent study employing the ERM nasal vaccination 351 

in the rainbow trout model investigated profiles of the systemic and local B cell repertoire 352 

using 5’-RACE and a deep sequencing–based approach [90]. Consequently, nasal 353 

immunisation with the ERM vaccine revealed unique dynamics of IgM and IgT 354 

repertoires at both systemic (spleen) and local (nasal) sites, providing evidence based on 355 

Ig-diversity that IgT and IgM responses were triggered by nasal vaccination. These 356 

findings indicate that the principles for shaping a mucosal antibody repertoire in fish are 357 

similar to those in mammals.  358 

 359 

4.2 Cell-mediated immunity of CD8+ cells following mucosal immunisations 360 

Cell-mediated immunity (CMI) plays an important role in protection against intracellular 361 

bacterial and viral infections. Typically, attenuated live and DNA vaccines lead to 362 

production of endogenous antigens within host cells, with the host cells then presenting 363 

these antigens on MHC class I. Thus, these replicable vaccines are capable of inducing 364 

antigen-specific cytotoxic T cells (CTLs) within host adaptive immunity. On the other 365 

hand, since exogenous antigens, including those of inactivated vaccines, cannot be 366 

presented on MHC class I in the conventional route [91], vaccination with exogenous 367 

antigens does not efficiently induce effective CMI. However, according to several reports 368 
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there remains the possibility that fish CTLs can be efficiently elicited via mucosal 369 

immunisation with an exogenous antigen without any adjuvant. For instance, oral 370 

intubation with formalin-inactivated crucian carp haematopoietic necrosis virus (CHNV) 371 

provided efficient protection and induced significant cell-mediated cytotoxicity against 372 

CHNV-syngeneic cells within ginbuna carp [92]. In addition, we have recently 373 

demonstrated that anal intubation with formalin-inactivated CHNV induced the 374 

generation of virus-specific CD8+ T cells and provided efficient systemic CMI in ginbuna 375 

crucian carp [73]. This study also indicated that the posterior portion of the intestine is an 376 

important site for generating virus-specific CTLs via administration of inactivated 377 

vaccine. Furthermore, Sato et al. [93], [94] showed that antigen-specific cell-mediated 378 

cytotoxicity of leukocytes from both common and crucian carp can be induced as a result 379 

of anal or oral intubation with allogeneic or hapten-modified cells. Cytotoxic activity 380 

induced by anal immunisation was higher than that resulting from i.p. administration, 381 

suggesting that this route is effective for eliciting systemic CMI. Transcription analyses 382 

have demonstrated that oral or bath vaccination with inactivated viruses induces 383 

upregulation of MHC class I and CD8 mRNA in grouper fish [95], [96], indicating that 384 

vaccination with inactivated virus can also induce CMI. Together, these findings 385 

suggested that mucosal administration of exogenous antigens can elicit antigen-specific 386 

CD8+ CTLs in teleost fish. 387 

Although detailed mechanisms concerning the generation of antigen-specific CTLs 388 

remain unknown, we propose the hypothesis that teleost dendritic cells in mucosal tissues 389 

more frequently and actively present exogenous antigens on MHC class I via cross-390 

presentation as compared to mammalian dendritic cells (Fig. 2). Teleost DCs have already 391 

been found in the intestine, gills and skin where they exhibit varying phenotypic and 392 
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functional characteristics, suggesting the existence of distinct DC subsets in the mucosal 393 

tissues [97], [98], [99]. Understanding mucosal DC functions may shed light upon the 394 

development of effective vaccines against both viral and intracellular bacterial infections. 395 

Olfactory sensory neurons are directly connected to the CNS, and have been shown to 396 

be involved in the immune systems of teleost fish [28]. A recent study has shown that 397 

nasal viral delivery induces ultra-rapid infiltration of CD8α+ T cells to the olfactory organ 398 

from the olfactory bulb with the response being mediated by neuronal signals via a 399 

tropomyosin-related kinase A receptor (TrkA)-dependent pathway [100]. Infiltrating 400 

CD8α+ T cells in the olfactory organ expressed perforin and granzyme A. These findings 401 

suggest that CTLs in the nervous system may play a role in killing virus-infected neurons 402 

in order to stop progression of infection to the olfactory bulb and other CNS regions. A 403 

Lewis rat model using neurotropic Borna disease virus demonstrated that neurons are 404 

MHC class I-dependent target cells of CD8+ T cells [101]. Additionally, a murine model 405 

of LCMV infection has shown that virus-infected parenchymal cells are eliminated by 406 

CTLs in an MHC class I-dependent manner, whereas infected cells are eliminated 407 

independently of MHC class I expression within the CNS linings, including the meninges 408 

and ependyma [102],[103]. These findings indicate that the effector functions of CTLs in 409 

the CNS exist there within distinct anatomical niches. Although some evidence shows 410 

that CTLs are one of the key players in prevention of viral infection in the CNS, to the 411 

best of our knowledge their contribution in control of viral infection in these regions is 412 

largely unknown in virtually all vertebrates. Previous study has shown that the classical 413 

MHC class I molecule, Onmy-UBA, is expressed in some neurons including within the 414 

CNS in early developmental stages of the rainbow trout, suggesting that neural cells are 415 

targeted by CTLs in teleost fish [104]. Therefore, further exploration of CTL functions 416 
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following nasal immunisation using teleost fish could provide a compelling vertebrate 417 

model for understanding neuron-CTL interactions.  418 

Many aquatic viruses with neurotropic characteristics cause serious mortality for farmed 419 

fish, resulting in severe economic losses in world aquaculture. Furthermore, the 420 

understanding of teleost CTL function in the CNS may very well contribute to the 421 

development of effective mucosal vaccines against neurotropic viruses within teleost fish.  422 

 423 

6. Future studies on fish mucosal immunity 424 

Recent immunological research in mammals has demonstrated that tissue-specific 425 

resident memory T cells (TRM) in peripheral non-lymphoid tissues, such as the mucosal 426 

tissues of the respiratory and digestive tract, are key players for eliciting long-term 427 

memory via vaccination [105], [106], [107],. Although the induction of TRM is influenced 428 

by a number of factors, including the type of vaccine and adjuvant administered, mucosal 429 

vaccination is more effective than systemic delivery[108]. TRM have not yet been 430 

characterized in teleost fishes, although many studies have shown that T cells are 431 

abundant in various tissues [109], [110], [111]. Direct mucosal administration may be 432 

utilised to investigate roles of circulatory and resident T cells in both mucosal lymphoid 433 

cells and non-lymphoid tissues. Furthermore, the intra-fin administration method could 434 

be used to analyze local immune responses of T cells against various antigens. We are 435 

currently analyzing local immune responses to protozoan parasites using this technique 436 

(unpublished data). Understanding the recruitment or residence of T cells, B cells and 437 

DCs may provide clues for developing novel mucosal vaccine delivery platforms and 438 

practical mucosal vaccines for teleost fish. 439 

 440 
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 861 

 862 

Figure legends 863 

Fig. 1. Direct administration methods to mucosal organs. Percutaneous administration by 864 

stamp injection (A), per-gill administration (B), nasal immunisation (C) and anal 865 

intubation (D). 866 

 867 

Fig. 2. Schematic diagram of a hypothesized mechanism in which cell-mediated 868 

immunity is elicited by mucosal immunisation with an inactivated virus, as based on a 869 

previous study [73]. Fish were anally intubated with inactivated virus (1). Dendritic cells 870 

in mucosal tissue ingest viral antigens and cross-present them on MHC class I (2). CTLs 871 

are clonally expanded in mucosal tissue following stimulation mediated by DC cells (3). 872 
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CTLs circulate in the bloodstream and migrate into virus-infected organs (4). CTLs 873 

recognize virally-infected cells in an MHC-restricted manner and induce lysis via 874 

granzyme and perforin (5). 875 

 876 

Fig. 3. Technique to investigate in vivo local immune responses using transparent fish 877 

fins. (A) Visualization of fluorescent beads injected into fin membranes under ultraviolet 878 

light. (B) Accumulation of leukocytes at the site of zymosan injection. PBS (left panel) 879 

or 500 μg zymosan (right panel) was administered into the fin. Arrow indicates infiltrated 880 

leukocytes showing white aggregation. (C) Reduction of NBT in the fin following 881 

zymosan administration, as observed under visible light at 24 h after administration of 882 

0.2% NBT with 100 μg (left) or without (right) zymosan. Note the change in color, since 883 

NBT is a tetrazolium salt that is converted to a deep purple, water-insoluble formazan 884 

product upon reduction by superoxide derived from leukocytes. 885 



Table 1 The methods of mucosal immunisation in teleost fish
Mucosal vaccinations Methods Main target organs Fish species References

Immersion dip skin, gill many fishes Reviewed in Nakanishi and Ototake 1997[33]
Munang'andu et al., 2015[34]

 hyperosmotic dip skin, gill flounder, common carpHuising et al., 2003[41], Gao et al., 2015[42],2016[43]
sockeye salmon Antipa et al., 1980[40]

 frequency sonophoresis skin, gill raibow trout Cobo et al., 2014[44], 2015[45]
spray skin salmon, tilapia Gould et al., 1978[38], Noraini et al., 2013[39]

Immersion and punch skin rainbow trout Nakanishi et al., 2002[49]

Oral feeding (mix with food) stomach , intestine (gut) many fishes Reviewed in  Mutoloki et al., 2015[52]
Embregts and Forlenza 2016[53]

intubation stomach , intestine (gut) ginbuna crucian carp Sato et al., 2010[92]
eel Esteve-Gassent et al., 2004[72]

Anal intubation posterior intestine ginbuna crucian carp Tajimi et al., 2019[73]
common carp Rombout et al., 1986[71], Sato et al., 2005[93]
eel Esteve-Gassent et al., 2004[53]
african catfish Vervarcke et al., 2005[85]
barramundi Crosbie  et al., 2004[86]
rainbow trout Makesh et al., 2015[88]
grass carp Song et al., 2019[112]

Gill direct exposure gill ginbuna crucian carp Somamoto et al., 2015[74]
Nasal direct exposure nasal cavity rainbow trout Tacchi et al., 2014[27], Salinas et al., 2015[76],

 Sepahi et al., 2016 [29], Magadan et al., 2019[90]
 Sepahi et al., 2019[100]

immersion and punch using multiple
puncture instrument (stamp method)
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