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A B S T R A C T

Teleost fish possess all the necessary elements to mount an adaptive immune response. Despite this, the im-
portant physiological and structural differences between the mammalian and the teleost fish immune system,
anticipate significant changes regarding how this response is coordinated and executed. B cells are key players in
adaptive immune responses through the production of antibodies. However, recent studies performed in
mammals and other species including fish point to many additional functions of B cells within both the adaptive
and the innate immune system, in many occasions taking part in the crosstalk between these two arms of the
immune response. Furthermore, it should be taken into account that fish B cells share many functional and
phenotypical features with innate B cell populations from mammals, which will surely condition their response
to antigens. Concerning viral infections, although most studies undertaken to date in fish have been focused on
characterizing antibody production, some recent studies have demonstrated that fish B cells are able to interact
with viruses at different levels. In this sense, in the current review, we have tried to provide an overview of what
is currently known regarding the role of teleost B cells in antiviral immunity.

1. Introduction

The innate immune system encloses non-specific defense mechan-
isms not dependent upon previous pathogen encounters, which provide
a first line of defense and constitute the basis of the immune response in
invertebrates and lower vertebrates. In contrast, the adaptive immune
system is stimulated by exposure to an antigen, increasing in magnitude
and defensive capacities with each successive exposure to this parti-
cular antigen. Adaptive immunity involves both humoral and cellular
responses. The humoral response is mediated by antibodies (im-
munoglobulins, Igs) produced by B cells, which can recognize microbial
antigens, neutralizing their infectivity and helping in their elimination.
In contrast, cellular immunity is mediated by T cells which promote the
destruction of pathogens that are localized inside cells such as viruses or
intracellular bacteria, thus promoting the elimination of infected cells.
Because of this, mammalian immunologists aiming to analyze adaptive
responses to viral pathogens have frequently focused on T cell re-
sponses, and much less attention has been paid to determining the role
of B cells in antiviral immunity. However, it has been known for many
years that antibodies can mediate a full protection against many viral
diseases and thus the role of B cells in antiviral immunity seems evident
[1–3].

The adaptive immune system is based on the presence of re-
combination-activating gene (RAG)-recombined B cell receptors (BCR)

and T cell receptors (TCR) on the surface of B cells and T cells, re-
spectively, and the major histocompatibility complex (MHC), elements
present in teleost fish. Despite this, it is obvious that fish and mam-
malian immune systems have many similarities but do have in fact
many differences. For example, neither lymph nodes nor bone marrow
are present in fish. Instead, the head kidney assumes hematopoietic
functions, being the organ where B cells have been suggested to origi-
nate and differentiate in most species [4]. As there are no lymph nodes
in teleost, the spleen constitutes the main secondary immune organ in
these species. However, the splenic white pulp is poorly developed in
comparison to mammalian species and no conventional germinal cen-
ters (GCs) have ever been visualized [5]. As GCs are the sites where B
cells interact with T follicular helper cells and specialized follicular
dendritic cells (FDCs) to mount T-dependent (TD) B cell responses [6],
the lack of these structures in teleost fish will significantly affect how B
cells respond to antigens, specially TD antigens. Similarly, although fish
also possess a mucosa-associated lymphoid tissue (MALT), in all fish
species studied to date, the B and T cells present in the mucosa are
scattered in a disorganized fashion, in contrast to the mammalian MALT
which contains organized structures such as Peyer's patches where
mucosal immune responses are initiated [7].

In mammals, many different subsets of B cells are present, playing
specific roles in the immune response. Conventional mammalian B
cells, catalogued as B2 cells upon the description of the B1 cell
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population, express both IgM and IgD on the cell surface and pre-
dominantly participate in TD antibody responses that require the co-
operation of CD4+ helper T lymphocytes for a complete activation. As
mentioned before, these TD antibody responses take place in the GCs,
where, upon antigen encounter, B cells divide and obtain the capacity
to differentiate into antibody-secreting cells (ASCs), either plasmablasts
or plasma cells, or memory B cells. During this differentiation, the Igs
produced also change through two independent processes. Some acti-
vated cells begin to produce antibodies other than IgM or IgD in a
process designated as class switch recombination (CSR). Thus, B cells
replace the constant region of IgM by that of IgA, IgE or IgG, antibodies
with higher affinity and different effector functions depending on what
is required based on the particular antigen encountered [8]. Ad-
ditionally, the variable (V) region of the Ig genes are highly mutated
through what has been designated as somatic hypermutation (SHM). In
the context of this antibody diversification, B cells that produce anti-
bodies which bind antigens with higher affinity are preferentially ex-
panded. Both CSR and SHM require the action of activation-induced
cytosine deaminase (AID) [8]. Within this follicular pathway, B cells
eventually exit as high affinity long-lived plasma cells or memory B
cells, responsible for the production of isotype-switched antibodies re-
quired for immunological memory. This TD pathway provides strong
immunological memory, but is relative slow to occur. Thus, it is in-
tegrated with additional T-independent (TI) pathways that mainly in-
volve B cell subsets commonly designated as innate B cells, mainly B1
cells and marginal zone (MZ) B cells. These TI responses are activated
by direct recognition of the pathogens at mucosal compartments in the
absence of T cell cooperation, and are also greatly influenced by cyto-
kines secreted by innate cells such as those belonging to the tumor
necrosis factor (TNF) family of ligands [9]. B1 cells arise early during
the ontogeny and are considered components of the innate immune
system. However, to the light of recent investigations, it seems now
evident that these cells play a key role in natural resistance, being es-
sential for the early clearance of pathogens. These innate B cells have a
highly poly-specific (poorly mutated) BCR that can bind self-antigens or
microbial products such as lipopolysaccharide (LPS), multivalent
polysaccharides or large antigens with repetitive structures, being all of
them TI antigens. Upon activation, B1 cells also differentiate to ASCs,
although whether they reach a fully differentiated state (as a plasma
cell) is still a matter of debate [10].

Teleost fish possess a predominant serum Ig (IgM) composed of 2
heavy and 2 light chains each (2H+2L) bridged by disulphide bonds.
These Igs form tetramers, and possess some characteristics of mam-
malian IgM such as the H chain size [11], low intrinsic affinity for
antigen and high functional affinity or avidity [12,13]. IgD has also
been identified in most fish species [14,15], although its specific role
during the immune response is still largely unknown in fish as it is in
mammals [16]. On the other hand, the recent identification of IgT
(designated as IgZ in zebrafish) revealed that fish had a unique Ig with
new characteristics not observed in other vertebrate Ig class, with its
own D and J elements for the generation of diversity [17,18]. Conse-
quently, different B cell subsets can be found, depending on the type(s)
of Igs exposed on the membrane. IgD+IgM+ B cells are present in all
teleost species analyzed thus far and are thought to represent the ma-
jority of B lymphocytes in fish. When these cells are activated, as it
occurs in mammals, IgD is lost from the cell membrane, giving rise to
activated IgM+IgD− B cells that have a plasmablast/plasma cell profile.
The presence of cells that have lost IgD from the cell membrane has
been reported in rainbow trout (Oncorhynchus mykiss), demonstrating
that these cells had a plasmablast/plasma cell profile [19]. Similarly,
the presence of B cells with a plasmablast/plasma cell profile had been
reported in rainbow trout through the use of antibodies directed against
transcription factors specific of the different B cell developmental stages
[20,21]. Furthermore, a distinction between plasmablasts (replicating,
low antibody secretors, bearing minimal BCR) and plasma cells (non-
replicating, terminally differentiated, high antibody secretors, bearing

no BCR) was resolved through the use of hydroxyurea, establishing that
upon immunization, both cell types are produced [22,23]. In addition
to IgM+IgD+ and IgM+IgD− B cells, IgD+IgM– B cells have also been
reported in channel catfish (Ictalurus punctatus) [14] and in rainbow
trout gills [24], although their immune role has not yet been estab-
lished. Finally, a lineage of B cells uniquely expressing IgT/Z has been
reported in species such as rainbow trout [25] or zebrafish (Danio rerio)
[26]. Because the ratio of IgT+ cells/IgM+ cells is higher in mucosal
tissues than in central immune organs, and given the fact that IgT was
the main Ig that responded in mucosal compartments to several para-
sites [25,27,28], IgT has been postulated as an Ig specialized in mucosal
immunity [28]. However, it seems plausible that IgT also plays im-
portant role outside mucosal compartments given that significant IgT
responses have been also reported in the spleen in response to an in-
tramuscular injection with an inactivated virus [29], in the muscle of
DNA-vaccinated fish [30] and in the kidney in response to a parasitic
infection [31].

As mentioned above, there are several characteristics of the teleost
immune system that seem to anticipate that the main B cell subset
found in teleosts, IgM+IgD+ B cells, could resemble innate B cell sub-
sets present in mammals. These include the fact that systemically fish
rely mostly on IgM responses in the absence of CSR; fish do not form
conventional GCs, and there is a poor affinity maturation of antibodies
through the course of an immune response [13]. Recent findings by our
group further support this statement, as we have established that fish
IgM+ B cells, unlike mammalian B2 cells, constitutively express many
pattern recognition receptors (PRRs) [32,33]; strongly respond to pro-
inflammatory signals [30,34] and transcribe B1 cell markers not ex-
pressed in B2 cells such as CD9 [35]. Furthermore, a high phagocytic
capacity has been demonstrated for teleost B cells [36] and later on for
mammalian B1 cells [37]. Finally, this year, our group has demon-
strated that a high percentage of IgM+ B cells in rainbow trout express
CD5 [38]. CD5 is a specific marker for of B1a cells, a subset of mam-
malian B1 cells. In mammals, CD5 is known to be physically associated
with the BCR [39] and has been postulated as a negative-regulator of
BCR signaling because while B1 cells do not proliferate in response to
BCR cross-linking in regular mice, B1 cells from CD5-null mice restored
this capacity [40]. Thus, the higher expression of CD5 in trout IgM+ B
cells, suggested that this population could also share additional func-
tional and phenotypic traits of mammalian B1 populations. Confirming
this hypothesis, our results showed that trout IgM+ B cells, unlike
mammalian B2 cells and similarly to B1 cells, exhibited a large size,
high complexity, high surface IgM and low surface IgD expression [38].
Additionally, fish IgM+ B cells, unlike murine B2 cells, also displayed
extended survival in cell culture and did not proliferate after B cell
receptor (BCR) engagement [38]. To date, the evolutionary relationship
between mammalian B1 and B2 cells still remains unsolved and cur-
rently it has not been possible to exclude either of the two different
hypothesis that attempt to explain the relation between these two cell
subsets as both of them have supporting experimental data. Thus, the
lineage hypothesis states that B2 cells have originated from a B1-in-
dependent precursor, having evolved independently of B2 cells,
whereas in the induced differentiation hypothesis B1 and B2 are
thought to have originated from a common phagocytic cell population
[41]. In this situation, it seems quite relevant to determine the differ-
ences and similarities between these two mammalian B cell subsets and
B cells from less evolved vertebrate species. Thus far, the results ob-
tained revealing that fish IgM+ B cells share many phenotypic and
functional traits of mammalian B1 cells, seem to support a common
origin for B1 and B2 cells and give weight to the previously formulated
hypothesis of a common phagocytic precursor for mammalian B1 cells
and fish IgM+ B cells [41,42].

In this context, in the current review, we have tried to summarize
the most interesting aspects of what is known to date regarding how B
cells respond to viral infections in fish, focusing on those aspects in
which the response of teleost B cells seems to differ from that of
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mammals.

2. Antibody production in response to viral infections in fish

IgM is the most studied Ig in teleost fish. IgM has been detected not
only in serum, but also in mucus [25,27,28], bile [43] and eggs [44].
Furthermore, the existence of specific IgMs has been demonstrated in
all teleost species studied so far [45]. Among these studies, the capacity
of teleost fish to produce serum IgMs that can specifically recognize
viral antigens has also been demonstrated in a wide range of species in
response to viruses [1,46,47]. For example, in the case of fish rhabdo-
viruses, it is widely recognized that rainbow trout can produce specific
and fully functional serum IgMs that are able to neutralize virus pa-
thogenicity in vitro [1]. No studies to date have addressed the role of
mucus or bile IgMs through the course of viral infections. In the case of
IgMs present in eggs, neutralizing IgMs specific for infectious hemato-
poietic necrosis virus (IHNV), a fish rhabdovirus, have been identified
in common trout (Salmo gairdneri) [48].

Although the protective role of virus-specific serum antibodies has
been established in different passive immunization experiments using
either sera or purified IgMs obtained from fish surviving an infection
[49–51] or from vaccinated fish [1,52,53], the precise contribution of
these antibodies to the outcome of a viral infection in fish remains
unclear in most disease models. Teleost seem to have a more limited
repertoire than mammals [54] and a limited secondary response.
Moreover, the low temperature of salmonids delays their lymphocyte
responses with respect to mammals [55] and while serum IgMs do
appear after 10–15 days at 15 °C, it takes more or less 30 days at 5 °C
[56]. Although SHM has been reported in fish [31], the antibody re-
sponse only reaches a 2–3-fold higher affinity after 90 days [13], de-
monstrating that affinity maturation is much lower than that seen in
mammals. Additionally, CSR has never been reported in teleost fish.
Thus, despite having established that fish specific IgMs can partially
protect from posterior viral encounters, we know that in the context of
an experimental infection, specific IgMs peak 6–10 weeks [51,57], far
after the mortality had ceased (usually 1 week after infection). These
results indicate that the specific neutralizing antibodies produced as
response to a viral infection in fish appear too late to play any role in
protection of non-immunized fish against an acute infection. Moreover,
in vitro neutralizing antibodies can only be detected in 54% of the
survivor animals and there is no detectable increase in their levels after
a secondary infection [57,58]. In this context, the worth of fish pro-
ducing neutralizing IgMs is not known, but it could be possible that
specific antibodies are produced to control viral infections in natural
conditions in which the initial viral load is low and the disease takes
much longer to progress.

To date, not many studies have addressed the production of IgD or
IgT during the course of viral infections and most of them have ex-
clusively focused on analyzing the transcriptomic responses of these Igs.
For example, IgT mRNA levels were significantly increased in the head
kidney of gilthead sea bream (Sparus aurata) challenged with nodavirus
[59] and in the gills of Atlantic salmon (Salmo salar) infected with in-
fectious salmon anemia virus (ISAV) [60]. When grouper (Epinephelus
coioides) larvae were immunized with a nodavirus inactivated vaccine,
IgT transcription levels were also induced in specific organs, depending
on the route of immunization used [61]. IgT transcription was also
significantly increased in the head kidney and the intestine of Atlantic
salmon orally immunized with an alginate-encapsulated vaccine against
infectious pancreatic necrosis virus (IPNV) [62]. However, the pro-
duction of virus-specific IgT has still not been demonstrated. Similarly,
although a secreted form of IgD was identified in serum and different
mucosal organs in species such as rainbow trout [15], whether pa-
thogen-specific IgDs play a role during the course of an infection re-
mains to be demonstrated. Nevertheless, the regulation of IgD at the
transcriptional level has been demonstrated during the course of viral
infections in teleost fish. In this sense, IgD mRNA levels were

significantly up-regulated in freshwater carp (Catla catla) [63] and rohu
(Labeo rohita) [64] upon intramuscular injection with an inactivated
rabies virus formulated with adjuvant.

3. Natural antibodies

Natural antibodies refer to those Igs that are present prior to the
body encountering a cognate antigen, providing a first line of defense
against infection and thereby, allowing time for a specific antibody
response to be established [65]. The presence of natural antibodies has
been demonstrated in a wide range of fish species including teleost and
cartilaginous fish [66]. In teleost, these antibodies preferentially re-
cognize trinitrophenyl (TNP) [66]. Remarkably, in rainbow trout, these
anti-TNP antibodies were able to protect rainbow trout cells from both
viral hemorrhagic septicemia virus (VHSV) or IPNV infection in vitro
[67], demonstrating that these antibodies, produced by B cells in
homeostasis, are able to protect fish in the early stages of infection,
until a specific response is mounted. In this sense, in rainbow trout, it
was shown that as the number of IgM antibodies recognizing IPNV
increased in serum during the course of a viral infection, the number of
natural IgMs binding targets such as galactosidase, poly I:C or phos-
phorylcholine significantly decreased while the number of total IgMs
remained constant [68], thus suggesting a shift on the specificity of
these Igs. The capacity of natural antibodies to control an infection has
also been demonstrated in carp (Cyprinus carpio). In this case, purified
IgMs from non-infected fish were shown to neutralize Trypanosoma
carassii, an extracellular protozoan parasite in vitro [69]. Furthermore,
also in carp, natural antibodies were shown to be dependent on the
genetic background and to increase with age and exposure to non-
sterile environments [70]. In the case of goldfish (Carassius auratus),
natural antibodies to the extracellular A-layer protein of Aeromonas
salmonicida were found in variable numbers among unchallenged in-
dividuals [71]. Remarkably, only those individuals that contained high
numbers of natural antibodies against this protein in serum were
naturally resistant to a subsequent infection. Furthermore, it seems that
there are fish species in which natural antibodies could play a funda-
mental role during the course of a viral infection due to impairments in
the production of specific antibodies. This is the case of cod (Gadus
morhua), as its levels of serum IgM are much higher than those of other
species in homeostasis while immunization and challenge experiments
carried out in this species generally result in poor acquired antibody
responses [72].

4. Ig repertoires in response to viral antigens

As mentioned before, the generation of antibody diversity con-
stitutes the basis of the specific humoral immune response and is cri-
tical for the generation of an adequate protection [73]. This antibody
diversity is achieved through different processes. Prior to exposure to
an antigen, the initial generation of a broad antibody repertoire is
achieved early in B cell development by rearrangement of the V, D and
J gene segments to generate Igs with unique Ig heavy- and light-chain
variable regions (IGHV and IGLV) [74]. After antigen encounter, a
second strategy to increase the Ig repertoire is through junctional di-
versity, a process through which different sizes are generated in the
heavy chain sequences by imprecise V(D)J recombination. Terminal
deoxynucleotidyl transferase (TdT) is one of the enzymes responsible
for the generation of this junctional diversity, through the addition of
non-templated (N) nucleotides to the single-strand DNA ends [75]. Fi-
nally, during B cell differentiation, the genes encoding the variable
domains of the heavy and light chains undergo a high degree of point
mutations through SHM, mostly through the action of AID [76].

As part of the analysis of the immune response, studies aimed at
characterizing the immune repertoire of the IGHV have provided highly
valuable information to understand the complex processes of BCR gene
dynamics during the immune response. In the past, the diversity of the
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Ig response was estimated through a technique designated as CDR3
spectratyping. CDR are the regions of the recombined BCR that bind to
their specific antigen. Among them, the CDR3 region of the VH gene is
the most hyper-variable region of the BCR genes [77], thus the de-
termination of CDR3 size by spectratyping (also known as Immuno-
scope) was a powerful tool to analyze the BCR repertoire, commonly
used both in mammals and fish [29]. This technique was based on the
fact that B cell clones differ in CDR3 length, and thus, the CDR3 length
distribution analysis is an estimate of the overall diversity and any
deviation from a bell-shaped Gaussian distribution is indicative of
clonal expansions. These clonal expansions can be monoclonal or oli-
goclonal depending on whether there is one single or several expanded
peak(s) [78]. However, in the last decade, the huge improvement of
sequencing methods that gave rise to the new generation sequencing
strategies, has facilitated that CDR3 clones were subsequently se-
quenced to gain additional information on how the clonal diversity of B
cells was affected by a certain disease or through a specific physiolo-
gical process [79]. Alternatively, sequencing through Illumina MiSeq
(2× 300) of a pooled sample of PCR products obtained using a set of
isotype-specific primers for IgM, IgD and IgT, respectively, and a set of
IGHV subgroup-specific primers that can amplify all members of the 13
known IGHV groups was recently used to study the clonal diversity and
SHM processes in rainbow trout Igs from fish infected with a myxozoan
parasite [31].

Concerning viral infections, in 2013, Castro et al. studied the re-
pertoire of IgM, IgD and IgT in the spleen of homozygous isogenic
rainbow trout that had been challenged with VHSV using CDR3-length
spectratyping and subsequent 454 GS FLX pyrosequencing [29]. In this
work, the authors established that in healthy fish a bell-shaped Gaus-
sian distribution of CDR3 lengths is observed for IgM, IgT and IgD, as
also observed in non-disturbed mammalian systems. However, when
CDR3 spectratyping was performed in infected fish, the authors de-
monstrated a selection of some specific peaks for IgM and IgT but not
for IgD which included some private (only observed in one fish) and
public (observed in all fish) responses. This selection of specific peaks is
indicative of the expansion of specific B cell clones in response to the
virus. Furthermore, although there were only a few amplified μ and τ
junctions (VDJ combinations), some of these clones were significantly
amplified during the response to the virus, again suggesting the selec-
tion of specific B cell clones and the generation of IgM- and IgT-se-
creting cells in the spleen of the infected animals. Therefore, this study
provided evidence on the fact that IgT does not only play a role in
mucosal responses, but can also be involved in the specific response
generated in the spleen in response to a virus infection. In Atlantic
salmon, a deep sequencing protocol was established to characterize the
repertoire of IgM heavy chain variable region during the early devel-
opmental stages and after infection with piscine myocarditis virus
(PMCV), the causative agent of cardiac myopathy syndrome [80]. In
this case, a protocol based on the construction of IgM-VR libraries
through a 5′-RACE strategy and posterior sequencing through Illumina
MiSeq was developed. This protocol covered the entire repertoire and
provided with a new pipeline for sequence analyses of IgM repertoires
in Atlantic salmon. Concerning the changes in the IgM repertoire ob-
served after 10 weeks of infection with PMCV, the authors found that
shared clonotypes were markedly increased after viral infection. In-
terestingly, shared clonotypes comprised more than 1/3 of all tran-
scripts and all highly represented clonotypes were shared. Finally, they
observed that these shared clonotypes were significantly increased in
head kidney and blood, but not in the spleen in response to viral in-
fection [80]. These results suggest that upon exposure to PMCV, salmon
organize a public response in which the shared clonotypes are ex-
panded.

5. Teleost B cells as antigen presenting cells (APCs)

B cells not only produce antibodies against invading pathogens, but

also contribute to the clearance of pathogens through different actions.
For example, B cells are professional antigen presenting cells (APCs)
and as such, they play a key role in the activation of T cells. Thus,
mammalian B cells acquire antigens through the BCR or through pi-
nocytosis mechanisms, to then present them to T cells in the context of
MHC II expressed on their surface. However, in the past, studies de-
signed to define the role of B cells as APCs in mammals have generated
discrepant results, and consequently there is still a debate on whether B
cells on their own are sufficient to activate T cells in vivo and whether
this interaction renders T cells immunogenic or tolerogenic [81]. It
seems now clear that when B cells encounter non-specific antigens, the
outcome is T cell tolerance, whereas when they encounter a specific
antigen, they can efficiently activate cognate T cells [82]. In fish, it has
been demonstrated in species such as rainbow trout or zebrafish that
IgM+ B cells express MHC II on the cell surface [33,83]. Furthermore,
Zhu et al. elegantly demonstrated in zebrafish that B cells have the
capacity to present both soluble and particulate antigens to specific T
cells [83]. Thus, the fact that teleost B cells have a high phagocytic
capacity [36], qualifies them to more effectively present particulate
antigens than mammalian B2 cells. Concerning whether teleost B cells
are able to present viral antigens to T cells, only indirect evidence is
available. Thus, it has been demonstrated that incubation of rainbow
trout splenocytes with VHSV provokes the specific up-regulation of
surface MHC II expression on IgM+ B cells, not observed in IgM− B cells
or in response to Poly I:C [33]. In these experiments, a significant up-
regulation of CD80/86 and CD83 mRNA levels in IgM+ B cells that was
not visible in the IgM− cell fraction was also demonstrated [33]. Thus,
altogether, these results suggest that teleost IgM+ cells act as APCs
during the course of a VHSV infection.

6. Evidence of direct interaction of B cells with fish viruses

In mammals, it has been widely demonstrated that B cells have
evolved to directly sense microbes through innate receptors such as
Toll-like receptors (TLRs) and that this TLR-mediated activation of B
cells contributes to the establishment of an adequate humoral response
[84]. However, there are important differences in the pattern of TLRs
transcribed in different B cell subsets from diverse mammalian species.

TLRs known to recognize highly conserved structures of viral origin
in both mammals and fish include TLR3, 7, 8 and 9. These TLRs localize
within endosomal compartments and detect foreign nucleic acids [85].
Among them, TLR3 is the receptor for dsRNA and together with TLR4
(responsible for LPS sensing in mammals), they are the only TLRs that
signal through the TRIF pathway and thus induce interferon β (IFN-β)
[86]. Interestingly, salmonids and other species such as pufferfish (Fugu
rubripes) lack TLR4 [87]. Furthermore, in those species in which TLR4 is
present such as zebrafish, TLR4 does not seem to be involved in LPS
detection [87] Concerning the response to viral stimuli, TLR3 is the
main TLR responsible for the sensing of viruses, along with the fish-
specific TLR22 also known to sense dsRNA [88]. Human naïve tonsil or
blood B cells lack TLR3 [89,90], although it is expressed in human
plasma cells [90]. Additionally, a subset of B cells located in the upper
respiratory tract of humans was shown to express TLR3 and respond to
viral stimuli [91]. In rainbow trout, IgM+ B cells from different tissues
were shown to express all the TLRs known to date, including TLR3 and
TLR22 [32]. This suggested a high capacity of teleost B cells for sensing
viral ligands, and to verify this hypothesis, the effects of VHSV on the
functionality of splenic IgM+ cells was performed, comparing the ef-
fects to those provoked by a TLR3 agonist such as Poly I:C [33]. These
experiments demonstrated that VHSV enters IgM+ B cells and starts
viral transcription even though viral translation is interrupted. Conse-
quently, this early virus-B cell interaction induces the transcription of
Mx, type I IFN (IFN1) and the chemokine CK5B in these cells. Fur-
thermore, this induction of IFN1 was dependent on an endosomal re-
ceptor, probably TLR3 [33]. Additionally, this direct interaction of
VHSV with trout IgM+ B cells induced NF-κB activation, and as a
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consequence pro-inflammatory cytokines such as interleukin 1β (IL-1β)
were secreted. Thus, as also shown in mammals, as part of their im-
mune tasks, teleost B cells also secrete cytokines upon antigen sensing
to modulate the early immune response of other cell types.

The fact that teleost IgM+ B cells are equipped with a wider range of
innate receptors and owing that they have retained several innate
functions not maintained in mammalian B2 cells, strongly suggests that,
in teleost, IgM+ B cells are implicated in the initial recognition of pa-
thogens to play a role both in innate functions and in the early onset of
adaptive mechanisms. In correlation with this hypothesis, we have seen
that IgM+ B cells are one of the main leukocyte types attracted to the
sites of inflammation in response to stimulation with viral antigens.
This was initially visualized when examining the local immune re-
sponse to a DNA vaccine against VHSV [30]. Within this study, we
observed that both IgM+ and IgT+ B cells were the main cell subsets
that were infiltrated in the muscle, surrounding the injection area.
These cells were visualized by immunohistochemical techniques and
flow cytometry after a protocol for their isolation from the muscle was
optimized [30]. Similarly, IgM+ B cells constituted the main leukocyte
subset within the peritoneal cavity after the injection of inactivated
VHSV in rainbow trout [34]. In this case, these B cells were shown to
differentiate to ASCs locally in response to the virus [34]. Altogether,
these results demonstrate a key role in the early stages of antigen re-
cognition and in initiation of the inflammatory responses.

7. Effect of viral antigens on B cells in mucosal surfaces

As mentioned above, scattered lymphocytes (both T and B cells)
have been detected both in the lamina propria or residing between
epithelial cells in mucosal tissues [92]. However, not many studies have
focused on studying how B cells in this mucosal surfaces interact with
viral antigens. In 2013, Ballesteros et al. identified IgM+ and IgT+ B
cells all along the digestive tract of rainbow trout with the exception of
the stomach, and studied the B cell response in the different segments in
fish orally vaccinated with an alginate-encapsulated DNA vaccine
against IPNV [93]. In naïve fish, IgM+ B cells were mostly located in
the lamina propria although scattered IgM+ intraepithelial lympho-
cytes (IELs) could also be detected in the pyloric caeca region. On the
other hand, IgT+ B cells were primarily localized as IELs all along the
digestive tract. These results challenged the established line of thought
that teleost IELs are exclusively T cells [94]. Given that no organized
lymphoid structures such as mammalian Peyer's patches have ever been
described in the teleost fish intestinal tract, if these T IELs are in contact
with B IELs remains unknown. Interestingly, ten days after a single oral
IPNV vaccine administration, a significant increase of both IgM+ and
IgT+ B cells was observed, especially in the pyloric caeca region [93].
Whether this increase in the number of B cells is a consequence of local
proliferation or a result of recruitment of cells from central immune
organs should be further investigated. However, these results demon-
strated that both IgM+ and IgT+ B cells respond to an oral viral antigen
in the digestive tract and pointed to the pyloric caeca as a key segment
in regards to antigen uptake given that VP2 transcription levels were
highest in this segment [95] and concerning the organization of an
early local immune response mediated by B cells. Also in rainbow trout,
a transcriptomic study performed in gills following VHSV infection
demonstrated the up-regulation of both IgM and IgT [96], again sug-
gesting the involvement of both B cell subsets in the early antiviral
response within mucosal surfaces. In sea bass, IgT expression has also
been shown to increase in both gills and spleen after infection with
nodavirus [97] confirming the involvement of IgT in mucosal surfaces
also in response to viral infections. Interestingly, results obtained from
Aquilino et al. [96] revealed that MHC II transcription levels in sorted
IgM+ B cells from gills were significantly higher in cells from virus-
infected fish that those from in mock-infected animals, again suggesting
a role for local IgM+ B cells in antigen presentation processes.

8. Production of B cell-stimulating factors during viral infections
in fish

In mammals, B cell functionality is modulated by cytokines released
by innate cells, such as macrophages, dendritic cells or granulocytes,
upon the early recognition of common pathogen patterns through in-
variant receptors. Among them, cytokines belonging to the TNF family
of ligands such as B cell activating factor (BAFF) and a proliferation
inducing ligand (APRIL) play a major role in B cell homeostasis, acti-
vation and differentiation processes in mammals [98]. Concerning the
receptors through which they signal, mammalian BAFF binds to trans-
membrane activator and calcium modulator and cyclophilin ligand
interactor (TACI, also known as TNFRSF13B) and to BAFF receptor
(BAFF-R, also known as BR3 or TNFRSF13C) with a strong affinity and
to B cell maturation antigen (BCMA, also known as TNFRSF17) with a
lower affinity. Then again, mammalian APRIL binds TACI and BCMA
with a high affinity [98]. Interestingly, APRIL also signals in some B cell
subsets through the polysaccharide side chains of heparan sulfate pro-
teoglycans (HSPGs), structurally unrelated to TNF receptors [99]. All
these different receptors are preferentially expressed in B cells and their
expression profile depends on the B cell subset, the anatomical location
or the stage of differentiation [100,101], thus conditioning the response
of these cells to BAFF and/or APRIL.

The sequences of BAFF and APRIL have been identified in many
cartilaginous and teleost fish species (reviewed in Ref. [102]), however,
not many functional studies have been performed to date. In addition to
BAFF and APRIL, a third molecule with high similarity values with
BAFF but containing a D–E loop characteristic of APRIL was identified
in 2007 by Glenney and Wiens in some teleost fish species [103]. Thus
far, this molecule has been reported in salmonids, pufferfish, three
spined stickleback and lamprey [103,104], but then again, many as-
pects of its functionality remain unclear. Finally, BAFF-R, TACI and
BCMA sequences have been identified in rainbow trout [105]. Thus, the
levels of transcription of the three receptors have been studied in dif-
ferent B cell subsets in this species [105,106].

Most of the studies aimed at clarifying the role of these cytokines on
B cell functionality have also been undertaken in rainbow trout. Thus,
we know that BAFF promotes the survival of splenic IgM+ B cells, up-
regulates the expression of membrane MHC II on these cells and in-
creases IgM secretion [107]. Interestingly, in addition to being pro-
duced by myeloid cells, in rainbow trout, it was shown that some IgM+

B cell subsets are able to secrete BAFF even in homeostasis, pointing to
an autocrine regulatory system [107]. APRIL, on the other hand, has
been shown to be capable of inducing the proliferation of splenic IgM+

B cells by itself, in contrast to the situation in mammals where APRIL is
only a co-stimulator factor [108]. Additionally, APRIL was shown to
increase IgM secretion without promoting a terminal differentiation to
plasma cells, to increase the levels of surface MHC II on splenic IgM+ B
cells and to augment the capacity of these cells to process antigen
[109]. Finally, thus far, the only functional effect reported for BALM is
the fact that it increased the survival of peritoneal IgM+ B cells in
rainbow trout [106].

Concerning whether these cytokines are regulated in fish during the
course of viral infections, some studies were performed in the perito-
neal cavity of rainbow trout. As mentioned before, our group demon-
strated that the peritoneal injection of VHSV induced a significant in-
crease in the number of IgM+ B cells in the peritoneal cavity and their
differentiation to ASCs [34]. In this situation, the levels of transcription
of BAFF and BAFF-R are significantly increased in the peritoneal cavity
[106]. Furthermore, when the transcription of these cytokines and their
receptors was studied in sorted IgM+ B cells from VHSV-injected fish,
we found that the levels of transcription of BAFF, APRIL, BALM, BAFF-R
and TACI were up-regulated in comparison to the levels observed in
sorted IgM+ B cells from fish injected with saline alone [106]. Inter-
estingly, these effects seemed specific of peritoneal IgM+ B cells, since
the same response was not observed in splenic B cells. Therefore, it
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seems that the BAFF-APRIL axis plays a key role in the expansion and
activation of IgM+ B cell populations in the peritoneal cavity during the
course of a viral infection.

9. Concluding remarks

B cells are not only implicated in the immune response to viral
pathogens through the production of antibodies, but can also directly
interact with viruses, thus playing an important role in the presentation
of their antigens to T cells and on the early regulation of the sur-
rounding immune cells through the secretion of a wide range of im-
mune factors. Although this is true both in mammals and in fish, it
seems plausible that these additional functions of B cells that are part of
the crosstalk between the innate and the adaptive immune systems,
prevail in teleost fish. The reason for this is that teleost B cells seem
better equipped than mammalian B2 cells to directly sense pathogens
[32]; they phenotypically and functionally resemble mammalian B1
cells [38] and therefore retain many innate functions such as a high
phagocytic capacity [36] or the capacity to secrete of antimicrobial
peptides [110] and pro-inflammatory cytokines [111], no longer pre-
sent in mammalian conventional B cells. In addition to this, although
specific IgMs have been shown to have protective capacity against some
viral infections, in acute infections, specific IgMs are produced far after
mortalities due to viral infections have occurred. On the other hand,
whether specific IgTs or IgDs are produced during the course of a viral
infection has not been yet demonstrated. Thus, although in the past
years our knowledge on how teleost B cells interact with pathogens and
react against them has greatly advanced, there are still many aspects of
this complex interaction that remain unclear. Thus, in our opinion,
future research in this field should be focused on clarifying if teleost fish
are capable of establishing a long term B cell memory and determining
the precise role of IgD and IgT during the course of viral infections.
Additionally, concerning the optimization of antiviral vaccines, it will
be important to determine whether correlates can be established be-
tween the different B cell functions and protection.

Acknowledgements

This work was supported by the European Research Council (ERC
Consolidator Grant 2016 725061) and by grant AGL2017-85494-C2-1-R
from the Spanish Ministry of Science, Innovation and Universities
(MINCIU). The authors want to thank Dr. Aitor G. Granja for critically
reviewing this manuscript. E. Muñoz-Atienza holds a Juan de la Cierva-
Formación Postdoctoral Contract (FJCI-2015-24452) funded by the
Spanish Ministry of Economy, Industry and Competitiveness. Patricia
Díaz-Rosales was funded by project T1-BIO-1672 from the Community
of Madrid.

References

[1] N. Lorenzen, S.E. LaPatra, Immunity to rhabdoviruses in rainbow trout: the anti-
body response, Fish Shellfish Immunol. 9 (1999) 345–360.

[2] T. Dorner, A. Radbruch, Antibodies and B cell memory in viral immunity,
Immunity 27 (3) (2007) 384–392.

[3] P.K. Hershberger, J.L. Gregg, C.A. Grady, S.E. LaPatra, J.R. Winton, Passive im-
munization of Pacific herring against viral hemorrhagic septicemia, J. Aquat.
Anim. Health 23 (3) (2011) 140–147.

[4] A. Zapata, B. Diez, T. Cejalvo, C. Gutierrez-de Frias, A. Cortes, Ontogeny of the
immune system of fish, Fish Shellfish Immunol. 20 (2) (2006) 126–136.

[5] A.G. Zapata, M. Torroba, A. Vicente, A. Varas, R. Sacedon, E. Jimenez, The re-
levance of cell microenvironments for the appearance of lympho-haemopoietic
tissues in primitive vertebrates, Histol. Histopathol. 10 (3) (1995) 761–778.

[6] G.D. Victora, M.C. Nussenzweig, Germinal centers, Annu. Rev. Immunol. 30
(2012) 429–457.

[7] I. Salinas, Y.A. Zhang, J.O. Sunyer, Mucosal immunoglobulins and B cells of teleost
fish, Dev. Comp. Immunol. 35 (12) (2011) 1346–1365.

[8] S. Longerich, U. Basu, F. Alt, U. Storb, AID in somatic hypermutation and class
switch recombination, Curr. Opin. Immunol. 18 (2) (2006) 164–174.

[9] A. Cerutti, I. Puga, M. Cols, New helping friends for B cells, Eur. J. Immunol. 42 (8)
(2012) 1956–1968.

[10] H.P. Savage, V.M. Yenson, S.S. Sawhney, B.J. Mousseau, F.E. Lund, N. Baumgarth,
Blimp-1-dependent and -independent natural antibody production by B-1 and B-1-
derived plasma cells, J. Exp. Med. 214 (9) (2017) 2777–2794.

[11] M. Wilson, G. Warr, Fish immunoglobulins and the genes that encode them, Annu.
Rev. Fish Dis. (1992) 201–221.

[12] H. Fiebig, R. Gruhn, H. Ambrosius, Studies on the control of IgM antibody
synthesis. III. Preferential formation of anti-DNP antibodies of high functional
affinity in the course of the immune response in carp, Immunochemistry 14 (1977)
721–726.

[13] K.D. Cain, D.R. Jones, R.L. Raison, Antibody-antigen kinetics following im-
munization of rainbow trout (Oncorhynchus mykiss) with a T-cell dependent an-
tigen, Dev. Comp. Immunol. 26 (2) (2002) 181–190.

[14] E.S. Edholm, E. Bengten, J.L. Stafford, M. Sahoo, E.B. Taylor, N.W. Miller,
M. Wilson, Identification of two IgD+ B cell populations in channel catfish,
Ictalurus punctatus, J. Immunol. 185 (7) (2010) 4082–4094.

[15] F. Ramirez-Gomez, W. Greene, K. Rego, J.D. Hansen, G. Costa, P. Kataria,
E.S. Bromage, Discovery and characterization of secretory IgD in rainbow trout:
secretory IgD is produced through a novel splicing mechanism, J. Immunol. 188
(3) (2012) 1341–1349.

[16] C. Gutzeit, K. Chen, A. Cerutti, The enigmatic function of IgD: some answers at
last, Eur. J. Immunol. 48 (7) (2018) 1101–1113.

[17] J.D. Hansen, E.D. Landis, R.B. Phillips, Discovery of a unique Ig heavy-chain
isotype (IgT) in rainbow trout: implications for a distinctive B cell developmental
pathway in teleost fish, Proc. Natl. Acad. Sci. U.S.A. 102 (19) (2005) 6919–6924.

[18] N. Danilova, J. Bussmann, K. Jekosch, L.A. Steiner, The immunoglobulin heavy-
chain locus in zebrafish: identification and expression of a previously unknown
isotype, immunoglobulin Z, Nat. Immunol. 6 (3) (2005) 295–302.

[19] A.G. Granja, C. Tafalla, Different IgM(+) B cell subpopulations residing within the
peritoneal cavity of vaccinated rainbow trout are differently regulated by BAFF,
Fish Shellfish Immunol. (2018), https://doi.org/10.1016/j.fsi.2017.10.003.

[20] P. Zwollo, A. Haines, P. Rosato, J. Gumulak-Smith, Molecular and cellular analysis
of B-cell populations in the rainbow trout using Pax 5 and immunoglobulin mar-
kers, Dev. Comp. Immunol. 32 (12) (2008) 1482–1496.

[21] P. Zwollo, K. Mott, M. Barr, Comparative analyses of B cell populations in trout
kidney and mouse bone marrow: establishing "B cell signatures", Dev. Comp.
Immunol. 34 (12) (2010) 1291–1299.

[22] E.S. Bromage, I.M. Kaattari, P. Zwollo, S.L. Kaattari, Plasmablast and plasma cell
production and distribution in trout immune tissues, J. Immunol. 173 (12) (2004)
7317–7323.

[23] J. Ye, I. Kaattari, S. Kaattari, Plasmablasts and plasma cells: reconsidering teleost
immune system organization, Dev. Comp. Immunol. 35 (12) (2011) 1273–1281.

[24] R. Castro, E. Bromage, B. Abos, J. Pignatelli, A. Gonzalez Granja, A. Luque,
C. Tafalla, CCR7 is mainly expressed in teleost gills, where it defines an IgD+IgM-
B lymphocyte subset, J. Immunol. 192 (3) (2014) 1257–1266.

[25] Y.A. Zhang, I. Salinas, J. Li, D. Parra, S. Bjork, Z. Xu, S.E. LaPatra, J. Bartholomew,
J.O. Sunyer, IgT, a primitive immunoglobulin class specialized in mucosal im-
munity, Nat. Immunol. 11 (9) (2010) 827–835.

[26] M. Schorpp, M. Bialecki, D. Diekhoff, B. Walderich, J. Odenthal, H.M. Maischein,
A.G. Zapata, T. Boehm, Conserved functions of Ikaros in vertebrate lymphocyte
development: genetic evidence for distinct larval and adult phases of T cell de-
velopment and two lineages of B cells in zebrafish, J. Immunol. 177 (4) (2006)
2463–2476.

[27] Z. Xu, D. Parra, D. Gomez, I. Salinas, Y.A. Zhang, L. von Gersdorff Jorgensen,
R.D. Heinecke, K. Buchmann, S. LaPatra, J.O. Sunyer, Teleost skin, an ancient
mucosal surface that elicits gut-like immune responses, Proc. Natl. Acad. Sci.
U.S.A. 110 (32) (2013) 13097–13102.

[28] Z. Xu, F. Takizawa, D. Parra, D. Gomez, L. von Gersdorff Jorgensen, S.E. LaPatra,
J.O. Sunyer, Mucosal immunoglobulins at respiratory surfaces mark an ancient
association that predates the emergence of tetrapods, Nat. Commun. 7 (2016)
10728.

[29] R. Castro, L. Jouneau, H.P. Pham, O. Bouchez, V. Giudicelli, M.P. Lefranc,
E. Quillet, A. Benmansour, F. Cazals, A. Six, S. Fillatreau, O. Sunyer, P. Boudinot,
Teleost fish mount complex clonal IgM and IgT responses in spleen upon systemic
viral infection, PLoS Pathog. 9 (1) (2013) e1003098.

[30] R. Castro, S. Martinez-Alonso, U. Fischer, N.A. Haro, V. Soto-Lampe, T. Wang,
C.J. Secombes, N. Lorenzen, E. Lorenzen, C. Tafalla, DNA vaccination against a
fish rhabdovirus promotes an early chemokine-related recruitment of B cells to the
muscle, Vaccine 32 (10) (2014) 1160–1168.

[31] B. Abos, I. Estensoro, P. Perdiguero, M. Faber, Y. Hu, P. Diaz Rosales, A.G. Granja,
C.J. Secombes, J.W. Holland, C. Tafalla, Dysregulation of B cell activity during
proliferative kidney disease in rainbow trout, Front. Immunol. 9 (2018) 1203.

[32] B. Abos, R. Castro, J. Pignatelli, A. Luque, L. Gonzalez, C. Tafalla, Transcriptional
heterogeneity of IgM(+) cells in rainbow trout (Oncorhynchus mykiss) tissues,
PLoS One 8 (12) (2013) e82737.

[33] B. Abos, R. Castro, A. Gonzalez Granja, J.J. Havixbeck, D.R. Barreda, C. Tafalla,
Early activation of teleost B cells in response to rhabdovirus infection, J. Virol. 89
(3) (2015) 1768–1780.

[34] R. Castro, B. Abós, L. González, A.G. Granja, C. Tafalla, Expansion and differ-
entiation of IgM+ B cells in the rainbow trout peritoneal cavity in response to
different antigens, Dev. Comp. Immunol. 70 (2017) 119–127.

[35] R. Castro, B. Abos, L. Gonzalez, C. Aquilino, J. Pignatelli, C. Tafalla, Molecular
characterization of CD9 and CD63, two tetraspanin family members expressed in
trout B lymphocytes, Dev. Comp. Immunol. 51 (1) (2015) 116–125.

[36] J. Li, D.R. Barreda, Y.A. Zhang, H. Boshra, A.E. Gelman, S. Lapatra, L. Tort,
J.O. Sunyer, B lymphocytes from early vertebrates have potent phagocytic and
microbicidal abilities, Nat. Immunol. 7 (10) (2006) 1116–1124.

P. Díaz-Rosales et al. Fish and Shellfish Immunology 86 (2019) 135–142

140

http://refhub.elsevier.com/S1050-4648(18)30758-7/sref1
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref1
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref2
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref2
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref3
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref3
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref3
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref4
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref4
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref5
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref5
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref5
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref6
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref6
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref7
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref7
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref8
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref8
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref9
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref9
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref10
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref10
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref10
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref11
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref11
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref13
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref13
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref13
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref14
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref14
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref14
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref15
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref15
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref15
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref15
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref16
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref16
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref17
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref17
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref17
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref18
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref18
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref18
https://doi.org/10.1016/j.fsi.2017.10.003
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref20
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref20
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref20
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref21
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref21
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref21
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref22
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref22
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref22
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref23
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref23
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref24
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref24
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref24
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref25
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref25
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref25
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref26
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref26
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref26
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref26
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref26
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref27
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref27
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref27
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref27
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref28
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref28
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref28
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref28
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref29
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref29
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref29
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref29
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref30
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref30
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref30
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref30
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref31
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref31
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref31
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref32
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref32
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref32
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref33
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref33
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref33
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref34
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref34
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref34
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref35
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref35
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref35
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref36
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref36
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref36


[37] D. Parra, A.M. Rieger, J. Li, Y.A. Zhang, L.M. Randall, C.A. Hunter, D.R. Barreda,
J.O. Sunyer, Pivotal advance: peritoneal cavity B-1 B cells have phagocytic and
microbicidal capacities and present phagocytosed antigen to CD4+ T cells, J.
Leukoc. Biol. 91 (4) (2012) 525–536.

[38] B. Abos, S. Bird, A.G. Granja, E. Morel, J.A. More Bayona, D.R. Barreda, C. Tafalla,
Identification of the first teleost CD5 molecule: additional evidence on phenoty-
pical and functional similarities between fish IgM(+) B cells and mammalian B1
cells, J. Immunol. 201 (2) (2018) 465–480.

[39] A.C. Lankester, G.M. van Schijndel, J.L. Cordel, C.J. van Noesel, R.A. van Lier, CD5
is associated with the human B cell antigen receptor complex, Eur. J. Immunol. 24
(4) (1994) 812–816.

[40] G. Bikah, J. Carey, J.R. Ciallella, A. Tarakhovsky, S. Bondada, CD5-mediated ne-
gative regulation of antigen receptor-induced growth signals in B-1 B cells, Science
274 (5294) (1996) 1906–1909.

[41] L.Y. Zhu, T. Shao, L. Nie, L.X. Xiang, J.Z. Shao, Evolutionary implication of B-1
lineage cells from innate to adaptive immunity, Mol. Immunol. 69 (2016)
123–130.

[42] G. Scapigliati, A.M. Fausto, S. Picchietti, Fish lymphocytes: an evolutionary
equivalent of mammalian innate-like lymphocytes? Front. Immunol. 9 (2018) 971.

[43] C.J. Lobb, L.W. Clem, Phylogeny of immunoglobulin structure and function-XII.
Secretory immunoglobulins in the bile of the marine teleost Archosargus probato-
cephalus, Mol. Immunol. 18 (7) (1981) 615–619.

[44] P. Swain, S.K. Nayak, Role of maternally derived immunity in fish, Fish Shellfish
Immunol. 27 (2) (2009) 89–99.

[45] S. Kaattari, Fish B lynphocytes: defining their from and function, Annu. Rev. Fish
Dis. 2 (1992) 161–180.

[46] J.R. Winton, C.K. Arakawa, C.N. Lannan, J.L. Fryer, Neutralizing monoclonal
antibodies recognize antigenic variants among isolates of infectious hematopoietic
necrosis, Dis. Aquat. Org. 4 (1988) 199–204.

[47] R.K. Kelly, O. Nielsen, Serological properties of neutralizing antibodies induced by
vaccination of rainbow trout with distinct strains of infectious pancreatic necrosis
virus, J. Aquat. Anim. Health 2 (1) (1990) 56–60.

[48] S.T. Shors, V. Winston, Neutralizing antibodies for infectious hematopoietic ne-
crosis virus in eggs of steelhead trout (Salmo gairdneri), Am. J. Vet. Res. 50 (2)
(1989) 232–234.

[49] D.F. Amend, L. Smith, Pathophysiology of infectious hematopoietic necrosis virus
disease in rainbow trout (Salmo gairdneri): early changes in blood and aspects of
the immune response after injection of IHN virus, J. Fish. Res. Board Can. 31
(1974) 1371–1378.

[50] P. DeKinkelin, J.P. Geraed, M. Dorson, M. Le Berre, Viral haemorrhagic septi-
cemia: demostration of a protective immune response following natural infection,
Fish Health News 6 (1977) 43–45.

[51] N.J. Olesen, P.E. Vestergard-Jorgensen, Detection of neutalizing antibody to
Egtved virus in rainbow trout (Salmo gairdneri) by plaque neutralization test with
complement addition, J. Appl. Icthyol. 2 (1986) 33–41.

[52] J. Bernard, M.B. LeBerre, P. DeKinkelin, Viral haemorrhagic septicemia of rainbow
trout: relation between the G polypeptide and antibody production of fish after
infection with the F25 attenuated variant, Infect. Immun. 39 (1983) 7–14.

[53] J. Bernard, M.B. Le Berre, P. De Kinkelin, Viral Haemorrhagic Septicaemia in
Rainbow Trout: Attempt to Relate Interferon Production,antibody Synthesis and
Structure of the Virus with the Mechanism of Virulence, Ann 136E Institute
Pasteur/Virology, 1985, pp. 13–26.

[54] G.W. Warr, The immunoglobulin genes of fish, Dev. Comp. Immunol. 19 (1)
(1995) 1–12.

[55] J.E. Bly, L.W. Clem, Temperature and teleost immune functions, Fish Shellfish
Immunol. 2 (1992) 159–171.

[56] A.E. Ellis, A.E. Ellis (Ed.), Ontogeny of the Immune System in Teleost Fish, Fish
Vaccination, Academic Press, 1988, pp. 20–31.

[57] N.J. Olesen, N. Lorenzen, P.E. Vestergaard-Jorgensen, Detection of rainbow trout
antibody to Egtved virus by enzyme- linked immunosorbent assay (ELISA), im-
munofluorescence (IF), and plaque neutralization tests (50% PNT), Dis. Aquat.
Org. 10 (1991) 31–38.

[58] N.J. Olesen, P.E.V. Jorgensen, Rapid detection of viral hemorrhagic septicemia
virus in fish by Elisa, J. Appl. Ichthyol. 7 (3) (1991) 183–186.

[59] M.C. Piazzon, J. Galindo-Villegas, P. Pereiro, I. Estensoro, J.A. Calduch-Giner,
E. Gomez-Casado, B. Novoa, V. Mulero, A. Sitja-Bobadilla, J. Perez-Sanchez,
Differential modulation of IgT and IgM upon parasitic, bacterial, viral, and dietary
challenges in a perciform fish, Front. Immunol. 7 (2016) 637.

[60] L. Austbo, I.B. Aas, M. Konig, S.C. Weli, M. Syed, K. Falk, E.O. Koppang,
Transcriptional response of immune genes in gills and the interbranchial lymphoid
tissue of Atlantic salmon challenged with infectious salmon anaemia virus, Dev.
Comp. Immunol. 45 (1) (2014) 107–114.

[61] Y.H. Kai, Y.C. Wu, S.C. Chi, Immune gene expressions in grouper larvae
(Epinephelus coioides) induced by bath and oral vaccinations with inactivated be-
tanodavirus, Fish Shellfish Immunol. 40 (2) (2014) 563–569.

[62] L. Chen, G. Klaric, S. Wadsworth, S. Jayasinghe, T.Y. Kuo, O. Evensen, S. Mutoloki,
Augmentation of the antibody response of Atlantic salmon by oral administration
of alginate-encapsulated IPNV antigens, PLoS One 9 (10) (2014) e109337.

[63] R. Banerjee, B. Patel, M. Basu, S.S. Lenka, M. Paicha, M. Samanta, S. Das,
Molecular cloning, characterization and expression of immunoglobulin D on pa-
thogen challenge and pathogen associated molecular patterns stimulation in
freshwater carp, Catla catla, Microbiol. Immunol. 61 (10) (2017) 452–458.

[64] M. Basu, S.S. Lenka, M. Paichha, B. Swain, B. Patel, R. Banerjee, P. Jayasankar,
S. Das, M. Samanta, Immunoglobulin (Ig) D in Labeo rohita is widely expressed and
differentially modulated in viral, bacterial and parasitic antigenic challenges, Vet.
Immunol. Immunopathol. 179 (2016) 77–84.

[65] N.E. Holodick, N. Rodriguez-Zhurbenko, A.M. Hernandez, Defining natural anti-
bodies, Front. Immunol. 8 (2017) 872.

[66] R. Gonzalez, J. Charlemagne, W. Mahana, S. Avrameas, Specificity of natural
serum antibodies present in phylogenetically distinct fish species, Immunology 63
(1) (1988) 31–36.

[67] R. Gonzalez, P. Matsiota, C. Torchy, P. De Kinkelin, S. Avrameas, Natural anti-TNP
antibodies from rainbow trout interfere with viral infection in vitro, Res. Immunol.
140 (7) (1989) 675–684.

[68] B. Abos, T. Wang, R. Castro, A.G. Granja, E. Leal, J. Havixbeck, A. Luque,
D.R. Barreda, C.J. Secombes, C. Tafalla, Distinct differentiation programs triggered
by IL-6 and LPS in teleost IgM(+) B cells in the absence of germinal centers, Sci.
Rep. 6 (2016) 30004.

[69] B.A. Katzenback, D.A. Plouffe, M. Belosevic, Goldfish (Carassius auratus L.) possess
natural antibodies with trypanocidal activity towards Trypanosoma carassii in vitro,
Fish Shellfish Immunol. 34 (5) (2013) 1025–1032.

[70] N.M. Kachamakova, I. Irnazarow, H.K. Parmentier, H.F. Savelkoul, A. Pilarczyk,
G.F. Wiegertjes, Genetic differences in natural antibody levels in common carp
(Cyprinus carpio L.), Fish Shellfish Immunol. 21 (4) (2006) 404–413.

[71] M.S. Sinyakov, M. Dror, H.M. Zhevelev, S. Margel, R.R. Avtalion, Natural anti-
bodies and their significance in active immunization and protection against a
defined pathogen in fish, Vaccine 20 (31–32) (2002) 3668–3674.

[72] B. Magnadottir, S. Gudmundsdottir, B.K. Gudmundsdottir, S. Helgason, Natural
antibodies of cod (Gadus morhua L.): specificity, activity and affinity, Comp.
Biochem. Physiol. B Biochem. Mol. Biol. 154 (3) (2009) 309–316.

[73] J.H. Han, S. Akira, K. Calame, B. Beutler, E. Selsing, T. Imanishi-Kari, Class switch
recombination and somatic hypermutation in early mouse B cells are mediated by
B cell and Toll-like receptors, Immunity 27 (1) (2007) 64–75.

[74] S. Fillatreau, A. Six, S. Magadan, R. Castro, J.O. Sunyer, P. Boudinot, The aston-
ishing diversity of Ig classes and B cell repertoires in teleost fish, Front. Immunol. 4
(2013) 28.

[75] T. Komori, A. Okada, V. Stewart, F.W. Alt, Lack of N regions in antigen receptor
variable region genes of TdT-deficient lymphocytes, Science 261 (5125) (1993)
1171–1175.

[76] R.W. Maul, P.J. Gearhart, AID and somatic hypermutation, Adv. Immunol. 105
(2010) 159–191.

[77] J.L. Xu, M.M. Davis, Diversity in the CDR3 region of V(H) is sufficient for most
antibody specificities, Immunity 13 (1) (2000) 37–45.

[78] P. Miqueu, M. Guillet, N. Degauque, J.C. Dore, J.P. Soulillou, S. Brouard,
Statistical analysis of CDR3 length distributions for the assessment of T and B cell
repertoire biases, Mol. Immunol. 44 (6) (2007) 1057–1064.

[79] A. Six, M.E. Mariotti-Ferrandiz, W. Chaara, S. Magadan, H.P. Pham, M.P. Lefranc,
T. Mora, V. Thomas-Vaslin, A.M. Walczak, P. Boudinot, The past, present, and
future of immune repertoire biology - the rise of next-generation repertoire ana-
lysis, Front. Immunol. 4 (2013) 413.

[80] A. Krasnov, S.M. Jorgensen, S. Afanasyev, Ig-seq: deep sequencing of the variable
region of Atlantic salmon IgM heavy chain transcripts, Mol. Immunol. 88 (2017)
99–105.

[81] D. Rodriguez-Pinto, B cells as antigen presenting cells, Cell, Immunol. 238 (2)
(2005) 67–75.

[82] X. Chen, P.E. Jensen, The role of B lymphocytes as antigen-presenting cells, Arch.
Immunol. Ther. Exp. (Warsz) 56 (2) (2008) 77–83.

[83] L.Y. Zhu, A.F. Lin, T. Shao, L. Nie, W.R. Dong, L.X. Xiang, J.Z. Shao, B cells in
teleost fish act as pivotal initiating APCs in priming adaptive immunity: an evo-
lutionary perspective on the origin of the B-1 cell subset and B7 molecules, J.
Immunol. 192 (6) (2014) 2699–2714.

[84] E.P. Browne, Regulation of B-cell responses by Toll-like receptors, Immunology
136 (4) (2012) 370–379.

[85] A.L. Blasius, B. Beutler, Intracellular toll-like receptors, Immunity 32 (3) (2010)
305–315.

[86] M. Yamamoto, K. Takeda, S. Akira, TIR domain-containing adaptors define the
specificity of TLR signaling, Mol. Immunol. 40 (12) (2004) 861–868.

[87] D. Pietretti, G.F. Wiegertjes, Ligand specificities of Toll-like receptors in fish: in-
dications from infection studies, Dev. Comp. Immunol. 43 (2) (2014) 205–222.

[88] A. Matsuo, H. Oshiumi, T. Tsujita, H. Mitani, H. Kasai, M. Yoshimizu,
M. Matsumoto, T. Seya, Teleost TLR22 recognizes RNA duplex to induce IFN and
protect cells from birnaviruses, J. Immunol. 181 (5) (2008) 3474–3485.

[89] V. Hornung, S. Rothenfusser, S. Britsch, A. Krug, B. Jahrsdorfer, T. Giese,
S. Endres, G. Hartmann, Quantitative expression of toll-like receptor 1-10 mRNA
in cellular subsets of human peripheral blood mononuclear cells and sensitivity to
CpG oligodeoxynucleotides, J. Immunol. 168 (9) (2002) 4531–4537.

[90] M. Dorner, S. Brandt, M. Tinguely, F. Zucol, J.P. Bourquin, L. Zauner, C. Berger,
M. Bernasconi, R.F. Speck, D. Nadal, Plasma cell toll-like receptor (TLR) expres-
sion differs from that of B cells, and plasma cell TLR triggering enhances im-
munoglobulin production, Immunology 128 (4) (2009) 573–579.

[91] W. Xu, P.A. Santini, A.J. Matthews, A. Chiu, A. Plebani, B. He, K. Chen, A. Cerutti,
Viral double-stranded RNA triggers Ig class switching by activating upper re-
spiratory mucosa B cells through an innate TLR3 pathway involving BAFF, J.
Immunol. 181 (1) (2008) 276–287.

[92] J.H. Rombout, G. Yang, V. Kiron, Adaptive immune responses at mucosal surfaces
of teleost fish, Fish Shellfish Immunol. 40 (2) (2014) 634–643.

[93] N.A. Ballesteros, R. Castro, B. Abós, S. Rodriguez Saint-Jean, S.I. Perez-Prieto,
C. Tafalla, The pyloric caeca area is a major site for IgM+ and IgT+ B cell re-
cruitment in response to oral vaccination in rainbow trout, PLoS One 8 (6) (2013)
e66118.

[94] D. Bernard, A. Six, L. Rigottier-Gois, S. Messiaen, S. Chilmonczyk, E. Quillet,
P. Boudinot, A. Benmansour, Phenotypic and functional similarity of gut

P. Díaz-Rosales et al. Fish and Shellfish Immunology 86 (2019) 135–142

141

http://refhub.elsevier.com/S1050-4648(18)30758-7/sref37
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref37
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref37
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref37
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref38
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref38
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref38
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref38
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref39
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref39
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref39
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref40
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref40
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref40
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref41
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref41
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref41
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref42
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref42
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref43
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref43
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref43
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref44
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref44
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref45
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref45
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref46
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref46
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref46
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref48
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref48
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref48
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref50
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref50
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref50
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref51
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref51
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref51
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref52
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref52
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref52
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref54
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref54
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref55
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref55
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref58
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref58
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref61
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref61
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref61
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref62
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref62
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref62
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref63
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref63
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref63
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref63
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref64
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref64
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref64
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref64
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref65
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref65
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref66
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref66
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref66
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref67
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref67
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref67
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref68
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref68
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref68
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref68
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref69
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref69
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref69
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref70
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref70
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref70
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref71
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref71
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref71
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref72
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref72
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref72
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref73
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref73
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref73
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref74
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref74
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref74
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref75
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref75
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref75
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref76
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref76
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref77
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref77
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref78
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref78
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref78
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref79
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref79
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref79
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref79
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref80
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref80
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref80
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref81
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref81
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref82
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref82
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref83
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref83
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref83
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref83
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref84
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref84
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref85
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref85
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref86
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref86
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref87
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref87
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref88
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref88
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref88
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref89
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref89
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref89
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref89
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref90
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref90
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref90
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref90
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref91
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref91
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref91
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref91
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref92
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref92
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref93
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref93
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref93
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref93
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref94
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref94


intraepithelial and systemic T cells in a teleost fish, J. Immunol. 176 (7) (2006)
3942–3949.

[95] N.A. Ballesteros, S.S. Saint-Jean, P.A. Encinas, S.I. Perez-Prieto, J.M. Coll, Oral
immunization of rainbow trout to infectious pancreatic necrosis virus (IPNV) in-
duces different immune gene expression profiles in head kidney and pyloric ceca,
Fish Shellfish Immunol. 33 (2) (2012) 174–185.

[96] C. Aquilino, R. Castro, U. Fischer, C. Tafalla, Transcriptomic responses in rainbow
trout gills upon infection with viral hemorrhagic septicemia virus (VHSV), Dev.
Comp. Immunol. 44 (1) (2013) 12–20.

[97] F. Buonocore, V. Stocchi, N. Nunez-Ortiz, E. Randelli, M. Gerdol, A. Pallavicini,
A. Facchiano, C. Bernini, L. Guerra, G. Scapigliati, S. Picchietti, Immunoglobulin T
from sea bass (Dicentrarchus labrax L.): molecular characterization, tissue locali-
zation and expression after nodavirus infection, BMC Mol. Biol. 18 (1) (2017) 8.

[98] P. Schneider, The role of APRIL and BAFF in lymphocyte activation, Curr. Opin.
Immunol. 17 (3) (2005) 282–289.

[99] K. Ingold, A. Zumsteg, A. Tardivel, B. Huard, Q.G. Steiner, T.G. Cachero, F. Qiang,
L. Gorelik, S.L. Kalled, H. Acha-Orbea, P.D. Rennert, J. Tschopp, P. Schneider,
Identification of proteoglycans as the APRIL-specific binding partners, J. Exp.
Med. 201 (9) (2005) 1375–1383.

[100] J.A. Gross, J. Johnston, S. Mudri, R. Enselman, S.R. Dillon, K. Madden, W. Xu,
J. Parrish-Novak, D. Foster, C. Lofton-Day, M. Moore, A. Littau, A. Grossman,
H. Haugen, K. Foley, H. Blumberg, K. Harrison, W. Kindsvogel, C.H. Clegg, TACI
and BCMA are receptors for a TNF homologue implicated in B-cell autoimmune
disease, Nature 404 (6781) (2000) 995–999.

[101] J.S. Thompson, S.A. Bixler, F. Qian, K. Vora, M.L. Scott, T.G. Cachero, C. Hession,
P. Schneider, I.D. Sizing, C. Mullen, K. Strauch, M. Zafari, C.D. Benjamin,
J. Tschopp, J.L. Browning, C. Ambrose, BAFF-R, a newly identified TNF receptor
that specifically interacts with BAFF, Science 293 (5537) (2001) 2108–2111.

[102] C. Tafalla, A.G. Granja, Novel insights on the regulation of B cell functionality by
members of the tumor necrosis factor superfamily in jawed fish, Front. Immunol. 9
(2018) 1285.

[103] G.W. Glenney, G.D. Wiens, Early diversification of the TNF superfamily in teleosts:
genomic characterization and expression analysis, J. Immunol. 178 (12) (2007)
7955–7973.

[104] S. Das, Y. Sutoh, M. Hirano, Q. Han, J. Li, M.D. Cooper, B.R. Herrin,
Characterization of lamprey BAFF-like gene: evolutionary implications, J.
Immunol. 197 (7) (2016) 2695–2703.

[105] A.G. Granja, J.W. Holland, J. Pignatelli, C.J. Secombes, C. Tafalla,
Characterization of BAFF and APRIL subfamily receptors in rainbow trout
(Oncorhynchus mykiss). Potential role of the BAFF/APRIL axis in the pathogenesis
of proliferative kidney disease, PLoS One 12 (3) (2017) e0174249.

[106] I. Soleto, B. Abos, R. Castro, L. Gonzalez, C. Tafalla, A.G. Granja, The BAFF/APRIL
axis plays an important role in virus-induced peritoneal responses in rainbow
trout, Fish Shellfish Immunol. 64 (2017) 210–217.

[107] C. Tafalla, L. Gonzalez, R. Castro, A.G. Granja, B cell-activating factor regulates
different aspects of B cell functionality and is produced by a subset of splenic B
cells in teleost fish, Front. Immunol. 8 (2017) 295.

[108] G. Yu, T. Boone, J. Delaney, N. Hawkins, M. Kelley, M. Ramakrishnan, S. McCabe,
W.R. Qiu, M. Kornuc, X.Z. Xia, J. Guo, M. Stolina, W.J. Boyle, I. Sarosi, H. Hsu,
G. Senaldi, L.E. Theill, APRIL and TALL-I and receptors BCMA and TACI: system
for regulating humoral immunity, Nat. Immunol. 1 (3) (2000) 252–256.

[109] I. Soleto, E. Morel, D. Martin, A.G. Granja, C. Tafalla, Regulation of IgM(+) B cell
activities by rainbow trout APRIL reveals specific effects of this cytokine in lower
vertebrates, Front. Immunol. 9 (2018) 1880.

[110] X.J. Zhang, P. Wang, N. Zhang, D.D. Chen, P. Nie, J.L. Li, Y.A. Zhang, B Cell
functions can be modulated by antimicrobial peptides in rainbow trout
Oncorhynchus mykiss: novel insights into the innate nature of B cells in fish, Front.
Immunol. 8 (2017) 388.

[111] P. Zwollo, J.C. Ray, M. Sestito, E. Kiernan, G.D. Wiens, S. Kaattari, B. StJacques,
L. Epp, B cell signatures of BCWD-resistant and susceptible lines of rainbow trout:
a shift towards more EBF-expressing progenitors and fewer mature B cells in re-
sistant animals, Dev. Comp. Immunol. 48 (1) (2015) 1–12.

P. Díaz-Rosales et al. Fish and Shellfish Immunology 86 (2019) 135–142

142

http://refhub.elsevier.com/S1050-4648(18)30758-7/sref94
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref94
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref95
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref95
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref95
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref95
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref96
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref96
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref96
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref97
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref97
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref97
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref97
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref98
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref98
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref100
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref100
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref100
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref100
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref100
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref102
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref102
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref102
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref103
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref103
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref103
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref104
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref104
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref104
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref105
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref105
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref105
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref105
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref106
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref106
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref106
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref107
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref107
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref107
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref108
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref108
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref108
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref108
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref109
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref109
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref109
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref110
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref110
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref110
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref110
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref111
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref111
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref111
http://refhub.elsevier.com/S1050-4648(18)30758-7/sref111

	Role of teleost B cells in viral immunity
	Introduction
	Antibody production in response to viral infections in fish
	Natural antibodies
	Ig repertoires in response to viral antigens
	Teleost B cells as antigen presenting cells (APCs)
	Evidence of direct interaction of B cells with fish viruses
	Effect of viral antigens on B cells in mucosal surfaces
	Production of B cell-stimulating factors during viral infections in fish
	Concluding remarks
	Acknowledgements
	References




