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A B S T R A C T   

Teleost B cells are of special interest due to their evolutionary position and involvement in vaccine-induced 
adaptive immune responses. While recent progress has revealed uneven distribution of B cell subsets across 
the various immune sites and that B cells are one of the early responders to infection, substantial knowledge gaps 
persist regarding their immunophenotypic profile, functional mechanisms, and what factors lead them to occupy 
different immune niches. This review aims to assess the current understanding of B cell diversity, their spatial 
distribution in various systemic and peripheral immune sites, how B cell responses initiate, the sites where these 
responses develop, their trafficking, and the locations where long-term B cell responses take place.   

1. B cell subsets in teleost fish: a meta-perspective 

Teleosts represent the most diverse group of vertebrate species 
known, displaying a remarkable but still inadequately understood di
versity in their immune responses. For instance, what we currently know 
about teleost B cells largely originates from a limited number of model 
or economically important teleost species, leaving the vast majority of 
them either minimally investigated or entirely uncharted. Research 
conducted within these few species over the past two decades has 
significantly changed our perspective of teleost B cells. These studies not 
only unveiled the existence of a teleost-specific B cell immunoglobulin 
(IgT/IgZ) [1,2] but also challenged a longstanding paradigm in 
mammalian B cell biology by discovering phagocytic B cells with 
intracellular bactericidal activity that can bridge innate and adaptive 
immunity via the priming of naïve T cells [3,4]. This pioneering work in 
teleosts laid the foundation for the discovery of B cells with similar 
phagocytic function in mammals [5,6]. 

Thus far, three distinct B cell subsets exclusively expressing IgM, IgD, 
or IgT [7–10], along with one subset that expresses both IgM and IgD 
[7–9] have been found in several teleost species. While the double 
positive B cells are present in most teleost species studied and are 
thought to represent the major B cell population in fish, the other three 
subsets of B cells are less studied. Consequently, despite the build-up of 
knowledge on IgM+ B cells, distinction between the double positive 

(IgM+IgD+) and IgM-only (IgM+IgD− ) B cells has not been made in most 
teleost studies [11–13]. Therefore, the IgM+ B cell phenotype and 
function described for most fish species cannot be assigned to either the 
double positive or the IgM-only subset without uncertainty. Although 
the igμ, igδ, and igτ genes, which encode for IgM, IgD and IgT, respec
tively, have been found in varying numbers and organizations in several 
teleost species [14], thus far, it is only in rainbow trout (Oncorhynchus 
mykiss) and Atlantic salmon (Salmo salar) [9,10,15,16] that these four B 
cell subsets are reported. Channel catfish (Ictalurus punctatus) and 
medaka (Oryzias latipes) are unique in that their genome appears to lack 
the igτ genes and hence, have no IgT B cells [14]. While channel catfish 
possesses the other three B cell subsets [7], it remains unclear which B 
cell subsets are present in medaka. Another fascinating exception occurs 
in members of the Gobiesocidae family, known as clingfishes. In these 
species, the gene loci encoding immunoglobulin and coreceptor 
CD79α/CD79β are deleted from the usual chromosomal regions leading 
to teleost species devoid of B cell receptors and immunoglobulins [17]. 

2. Diversity of B cells within and between immune sites 

The growing availability of anti-IgM antibodies, along with anti-IgT 
and anti-IgD antibodies for a few species, serves as valuable tools for fish 
immunologists studying B cells. On certain occasions, antibodies tar
geting transcription factors such as Pax5, XbpI, and Blimp combined 
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with anti-IgM antibody [18–20] or anti-MHC II antibody combined with 
FACS gating strategies [21] have been used for characterizing teleost B 
cells. Despite its common application, the suitability of using anti-IgM 
antibodies to study B cell phenotypes after antigenic stimulation is 
debated. Crosslinking of the B cell receptor (BCR) with such antibodies 
could trigger activation signals, which might confound activation sig
nals induced by antigen stimulation, leading to misinterpretation of the 
resulting B cell phenotype. 

Additionally, comprehensive data regarding BCR expression 
throughout the various stages of B cell differentiation is lacking. For 
instance, like their mammalian counterparts, fish B cells decrease their 
surface IgM expression as they differentiate into plasmablasts [8]. 
However, it remains unclear whether terminal-stage plasma cells in fish, 
as observed in mammals, completely eliminate surface BCR expression. 
If so, the use of anti-BCR antibodies may fall short in targeting these 
effector B cells. An interesting finding in this context, warranting further 
exploration, is the identification of IgM secretion in a subset of rainbow 
trout CD38+IgM− cells after in vitro antigen stimulation [22], a typical 
feature of long-lived plasma cells in mammals. The discovery of IgD-only 
B cells in some teleost species [7,9] further justifies the need for using 
pan-B cell markers. In this context, a surface proteome study of Atlantic 
salmon IgM+ B cells has identified CD22-like molecule (Ssa02: 
LOC106582456) as a potential pan-B cell marker that could address 
issues associated with using anti-IgM antibody [12]. However, it is 
important to note that the above surface proteome study did not cover 
IgD-only B cells, prompting a cautious approach when considering its 
relevance across all B cell subtypes and its applicability to other teleost 
species. 

To date, there is a lack of comprehensive data that compares teleost B 
cells in the systemic and peripheral immune sites, including those found 
in the various mucosal-associated lymphoid tissues (MALTs). Thus, it 
remains uncertain whether B cells from these locations exhibit similar 
phenotypic and functional characteristics. Despite this, the limited 
studies conducted have shown differences in B cell subsets and functions 
within and across lymphoid tissues of fish. A study on channel catfish 
identified two distinct populations of IgD+ B cells in peripheral blood, 
each with different characteristics in terms of morphology and tran
scriptional activity [7]. Another study in rainbow trout has reported two 
populations of B cells in the peritoneal cavity (PerC), each having 
different requirements for a key B cell survival cytokine, BAFF, indi
cating different functions of these cells [8]. Similarly, in rainbow trout, 
Perdiquero et al. identified ten transcriptionally distinct B cell clusters 
from blood [21]. However, whether these clusters represent functionally 
different populations, various stages of B cell differentiation, or 
comprise a combination of these remains an open question. An even 
more recent study in rainbow trout has reported the presence of 
IgM-only and IgD-only B cells in the skin and gills, each with varying 
antibody secretion and antigen-presenting capacities, while the double 
positive B cells are barely observed in both mucosal sites [9]. These 
findings collectively show uneven distribution and different functions of 
B cell subsets across the different immune sites. 

3. Mucosal B cells of teleost fish 

Mucosal tissues in both mammals and fish are protected by different 
mucosa-associated lymphoid tissues (MALTs). Leukocytes aggregating 
in these sites play a crucial role in targeting mucosal pathogens for 
elimination, with B cells actively taking part in these mucosal responses. 
Teleost MALTs encompass a diverse array of tissue types which are 
located in the gut (GALT) [10], the skin (SALT) [23], the gills (GIALT) 
[24], the eye [25], the nose (NALT) [26], and the pharynx [27], 
including the newly discovered pharyngeal tissue named nemausean 
lymphoid organ (NELO) [28] (Fig. 1). Considering the diverse immune 
cell populations described in these MALTs, it is probable that they serve 
as secondary immune sites where antigen-specific B cells become acti
vated and subsequently produce antibodies. 

For a long time, IgM was thought to be the only immunoglobulin 
class that could respond to antigenic challenges at both the systemic and 
mucosal compartments of teleosts. Since 2010, when the Sunyer group 
started to unravel the functions of trout IgT [10], the pace of discovery of 
mucosal immunity has rapidly increased. Many scientific articles have 
reported its function in salmonids and in other species such as common 
carp (Cyprinus carpio) [29] and zebrafish (Danio rerio) [30]. In addition 
to its role in pathogen clearance, IgT also takes part in the preservation 
of microbiota homeostasis at mucosal sites [31], which is an interesting 
function not covered in this review. 

3.1. IgT B cells - teleost specific, with a prevailing role in mucosal 
immunity 

Although the genes encoding IgT (or its homologue IgZ in zebrafish 
and carp) were identified in 2005 [1,2], it took an additional five years 
to elucidate its specialized role in mucosal immunity. In their break
through study, Zhang et al. proved IgT to be an immunoglobulin 
specialized in gut mucosal immunity [10]. Subsequent research on 
rainbow trout, employing mainly parasite infection models or vaccine 
immunization, has consistently shown that pathogen specific IgT titers, 
upon infections, are prevalent in the mucus from various mucosal sites 
such as skin [23], nasal [32], buccal [24], and pharyngeal mucosa [28], 
while IgM continues to dominate in the serum. In this review, we have 
summarized IgT responses in gut, pharyngeal, gill, and skin mucosa in 
more detail. 

3.2. IgT B cells in gut immunity 

In the study by Zhang et al., the parasite Ceratomyxa shasta, which 
specifically infects the trout gut, was used as a model [10]. In the 
non-infected fish, 54.3% of all gut B cells were IgT positive, while the 
IgT+ cell percentages in blood, spleen, head kidney (HK), and PerC B 
cells were 16.6–27.8%. Upon infection, the numbers of IgM+ cells in the 
gut of survivor fish remained unchanged when compared to the control, 
and parasite-specific IgM titers were found only in the serum. In 
contrast, there was a significant accumulation of IgT+ cells in the gut of 
the infected survivors, with the IgT to IgM antibody ratio being 63-fold 
higher in gut mucus than in serum. In parallel to the substantial increase 
in gut IgT+ cell numbers, parasite specific IgT titers also increased at this 
site. The study suggests both a functional and spatial distribution dif
ference between these two B cell subpopulations. Additionally, Zhang 
et al. found that 48% of the trout intestinal bacteria were coated with 
IgT, whereas a smaller portion, 24%, was positive for IgM [10]. Similar 
to IgA in mammals [33,34], IgT is thus a specialized Ig in mucosal im
munity and the prevalent Ig isotype coating the microbiota of fish. 

3.3. NALT – “nosy” immunity in fish 

An interesting model for exploring mucosal immunity in fish has 

Fig. 1. Presentation of the lymphoid tissues/sites in teleosts and their 
anatomical location, including the systemic tissues head kidney, trunk kidney, 
and spleen, the adipose tissue, and the main mucosa-associated lymphoid tissue 
(MALT) sites described here: eye, nose and nasal cavities, gills, gut, skin, and 
buccal cavity. 
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been the rainbow trout NALT (reviewed in Ref. [35]), and in the first 
report of the existence of this mucosal site, it was shown to consist of 
different lymphoid cells [32]. Different from other MALTs, the relative 
presence of the IgM+ cells and IgT+ cells was quite similar, 48.5% and 
51.5%, respectively [32]. In the same study, an attenuated viral vaccine 
administered intranasally showed that trout NALT was capable of 
mounting a strong immune response, and several adaptive immune 
genes including MHC, B and T cell receptors, and immunoglobulins were 
upregulated, indicating an adaptive response. Using a similar model for 
nasal vaccine delivery, Garcia et al. reported an expansion of IgT, IgM, 
CD4, and CD8 positive cells in NALT epithelium in vaccinated fish when 
compared to controls [36]. The authors suggested that this structure, 
rich in lymphocyte aggregates, might resemble a mammalian structure 
named organized NALT (O-NALT) [37], which is a site where somatic 
hypermutation and affinity selection occur. 

3.4. GIALT and SALT– homing B cells with diverse phenotypes 

Although IgT+ B cells dominate teleost mucosal tissues, a recent 
study of rainbow trout revealed that B cells exclusively expressing either 
IgD or IgM were also present in gills and skin and found to be evenly 
distributed within the two tissues [9]. In contrast, double-positive 
IgD+IgM+ cells, were almost non-existent at these sites. Both the 
IgD-only and the IgM-only cells showed plasmablast profiles, expressing 
higher levels of irf4 and IL1b as well as different Blimp1 transcript iso
forms than the blood IgM-only cells did. In mammals, the transcription 
factor Blimp-1 is a key factor driving the maturation of B cells into 
Ig-secreting cells [38], and the same role is reported in fish [39]. After 
48 h of cultivation, both the gill and skin IgD- and IgM-only B cells 
maintained their antibody production, thus confirming a plasma
blast/plasma cell phenotype. 

Another novel lymphoid structure, situated within the primary 
lamella of the salmon gills, is the interbranchial lymphoid tissue (ILT) 
(reviewed in Ref. [40]). While T lymphocytes are identified as the 
dominant leukocytes in the ILT and are shown to proliferate there, B 
cells also inhabit this immune site. Using infectious salmon anemia virus 
bath immersion, Austbø et al. detected both IgM and IgT transcripts in 
the ILT, where IgM was most highly expressed [41]. No clear alteration 
in transcript levels for IgM was detected during the sampling period, 
while IgT expression increased slightly at the last sampling on day 24. 
The latter may indicate a potential clonal expansion of IgT+ B cells in the 
ILT. 

It is thus clear that under homeostatic conditions, IgT and IgM B cell 
numbers at different MALTs, such as the skin and gut, are not that 
different. After an insult, like an infection, however, there is a pro
nounced increase in IgT positive cells, without changes in IgM positive B 
cell numbers. Whether this is caused by the infiltration of the IgT posi
tive cells to mucosal sites, local B-cell proliferation, or both is a pending 
question. If there is a migration to these sites, there must be cells pro
ducing chemokines that attract only IgT positive cells, and not the IgM 
positive B cells. This is an interesting research topic that warrants 
further studies. 

3.5. The polymeric Ig receptor (pIgR) taking part in immunoglobulin 
transport is present in teleosts 

A common feature of all teleost MALTs is the presence of diffusely 
organized lymphoid cells spread along mucosal territories [42]. Also, 
the polymeric Ig receptor (pIgR), which in mammals is known to 
transport immunoglobulins to mucosal surfaces has been detected at 
mucosal sites of various fish species, including grass carp (Ctenophar
yngodon Idella) and flounder (Paralichtys olivaceus) [43,44]. More direct 
evidence for the role of pIgR in teleost has emerged through studies of 
trout gut [10], skin [23], and NALT [32]. In the work of Zhang et al., a 
polyclonal anti-trout pIgR antibody was used to verify the presence of 
the secreted form of the receptor in the gut mucus [10]. 

Coimmunoprecipitation experiments with IgT- or IgM-specific anti
bodies demonstrated a direct interaction between the pIgR and IgT/IgM. 
Using the same antibody, the trout pIgR was detected in the skin 
epithelial layer and again shown to associate with both skin mucus IgT 
and IgM [23]. Immunofluorescence microscopy analysis of the skin 
revealed that the pIgR receptor was localized between the epidermis and 
the mucus layer, and in the same images both IgT and IgM stained 
positive. 

4. Peritoneal cavity B cell responses 

Not only mucosal immune sites, but also the PerC has received more 
attention from research on teleost B cells. The PerC immune response is 
important to delineate due to the intraperitoneal (IP) delivery of most 
vaccines for fish in aquaculture. Recent studies have highlighted a 
prominent role played by the PerC micromilieu in activation and dif
ferentiation of B cells after IP stimulation, indicating that the HK and 
spleen may not consistently be the primary locations for antibody 
production. 

Korytar et al. investigated changes in cell populations in the PerC of 
rainbow trout within three days after IP delivery of live or inactivated 
Aeromonas salmonicida [45]. Myeloid cells dominated first, while there 
was an increase in IgM+ cells in the PerC of infected trout already from 6 
to 12 h, peaking at 72 h, before adaptive immune responses kick in. Fish 
receiving inactivated bacteria had a similar, but somewhat delayed 
response. The authors suggested different roles for B cells at this early 
stage, including production of proinflammatory cytokines for the onset 
of inflammation, further, regulation and phagocytosis during the reso
lution of infection, and the production of natural antibodies. An addi
tional investigation in rainbow trout by Castro et al. observed an 
increase in IgM+ B cell numbers, the amount of total IgM antibody 
secreting cells (ASC), and differentiation (as determined by a reduction 
of MHC-II expression and an increase in IgM+ cell size) at 3 and 6 days 
after IP E. coli or viral hemorrhagic septicemia virus infection [46]. 
When a stimulation with E. coli lipopolysaccharide (LPS) was used in the 
same study, the IgM+ cell numbers also increased, but there was no 
indication of differentiation of B cells. Interestingly, IgM+ cells were 
found to be the main phagocytic cells in the PerC after two days. 

Investigations into Atlantic salmon peritoneal B cells have mainly 
focused on ASCs after infection. In a study with salmon alphavirus 3 
(SAV3), the number of leukocytes, the percentage of IgM+ cells, and the 
number of ASCs significantly increased in the PerC 14 days after IP 
infection [11]. The fraction of ASCs was reduced, apparently due to a 
stronger increase in other leukocyte numbers. At later time points, up to 
9 weeks after infection, all these parameters remained high in the PerC 
[11]. In a follow-up investigation, the fraction of total IgM ASCs in 
isolated leukocytes from the PerC increased 6 weeks after IP delivery of 
infectious SAV3 or inactivated SAV1, while only the infection signifi
cantly increased the frequency of SAV3-specific ASCs, which was 
evident at 13 weeks post infection [47]. Van der Wal et al. presented 
similar findings after IP infection of Atlantic salmon with the bacterial 
pathogen Piscirickettsia salmonis, under comparable conditions. A major 
increase in leukocyte numbers, total IgM ASCs, P. salmonis-specific ASC, 
and non-specific (Y. ruckeri-specific) ASC frequency was found in the 
PerC up to 6 weeks after infection [48]. Thus, Atlantic salmon showed a 
strong local peritoneal response of leukocytes and both specific and 
non-specific ASCs after IP infection, where the bacterial P. salmonis 
infection resulted in higher numbers of IgM ASC at 3 and 6 weeks 
compared to the viral SAV3 infection. 

Although the previous mentioned investigations observed that the 
effect of stimulation was less pronounced or at best comparable to 
infection, this is not always the case. Shi et al. observed an increase in 
the proportion of IgM + cells in the PerC of olive flounder after IP in
jection with both live and inactivated Vibrio anguillarum, where the 
inactivated bacterium resulted in higher proportions [49]. Additionally, 
Simon et al. showed that IP stimulation of rainbow trout with TNP-LPS 
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significantly increased both total IgM and specific ASC frequencies in the 
PerC up to 4 weeks post injection [50]. Notably, this corresponded with 
an increase in percentages of both IgM+IgD+ and IgM+IgD− cells. 

It is interesting that wherever the B cell responses in the teleost PerC 
after IP challenge are compared with responses in the HK or spleen, the 
peritoneal B cell responses show higher frequencies of ASC. Jenberie 
et al. showed that whereas the leukocyte and total IgM ASC number 
increased in the salmon PerC up to 9 weeks post SAV3 infection, in HK 
and spleen, leukocyte numbers remained at the same level and the 
number of total IgM ASCs decreased [11]. In their following paper, the 
frequency of specific ASCs is increased in the PerC, HK, and spleen at 13 
weeks post SAV3 infection, still the frequency in the PerC was higher 
[47]. After P. salmonis infection of Atlantic salmon, increases in leuko
cyte, total IgM ASC, and specific ASC numbers were most pronounced in 
the PerC, although total ASC numbers were also clearly increased in the 
HK at all investigated time points. Increases of specific ASC numbers 
were observed in all investigated organs [48]. Finally, Simon et al. 
showed an increase in total IgM ASC frequency only in the PerC of 
TNP-LPS stimulated trout. Specific ASC frequencies were found to be 
increased in PerC, HK, and spleen, and again the highest increase was 
observed in the PerC [50]. 

It is thus clear that an IP insult results in a major increase of specific 
and non-specific ASCs in the teleost PerC. This response clearly differs 
from mammalian peritoneal B1 cells that, although they can be locally 
activated, migrate away from the PerC to secondary lymphoid organs 
[51]. These observations also indicate that the HK and spleen might not 
be, at least at early time points, the main production sites of antibodies. 
It would be very interesting for future research to investigate not just the 
number of local ASC, but also the actual number of antibodies they 
secrete locally and to evaluate to what extent these antibodies partici
pate in local and systemic immune responses. 

5. Activation of B cells 

Whether locally or systemic, the humoral immune response is initi
ated when B cells, expressing specific BCRs, recognize antigen. The 
membrane Ig recognizes antigens in their native conformation but has in 
itself no signaling properties. Instead, signaling relies on the associated 
molecules Igα (CD79A) and Igβ (CD79B), which recruit the signaling 
machinery through their cytoplasmic immunoreceptor tyrosine-based 
activation motif (ITAM) [52]. Binding of antigen to the BCR is neces
sary, but for most antigens additional signals are needed to achieve full B 
cell activation, leading to proliferation and ASC formation. This second 
signal can be obtained through the interaction of the B cell presenting 
the endocytosed antigen to antigen specific T helper cells through MHC 
II or by intrinsic TLR engagement of B cells [53]. In addition, B cell 
activation can occur when multivalent antigens with repetitive struc
tures crosslink the BCR. In fish, however, the specific co-receptors and 
costimulatory mechanisms crucial for B cell responses remain inade
quately understood. Furthermore, the molecular events that follow BCR 
engagement are poorly characterized in teleost B cells. 

The presence of co-stimulatory receptors and mechanisms was 
recently presented when we found that, amongst others, CD40, CD22, 
CD79A, CXC4R-like, CXC5R-like, and TLR2 are parts of the B cell surface 
proteome of naive Atlantic salmon B cells from blood [12]. Zebrafish 
CD79 is reported to have a conserved role in B cell development, and its 
expression, together with that of surface IgM, decreased after bacterial 
infection, which is consistent with the maturation of a plasma cell 
response [54]. However, the functionality of these surface proteins on 
teleost B cells has not been extensively studied. 

Engagement of CD40 on B cells by the CD40 ligand (CD40L) on 
cognate T helper cells is important for activation of the T-dependent 
humoral response [55]. In zebrafish and flounder (Paralichthys oliva
ceus), CD40/IgM + lymphocytes have been identified [56–58]. In vitro 
studies with Nile tilapia (Oreochromis niloticus) leukocytes using an 
antibody against CD40L to block its activity, suggest that CD40L has a 

role in T-dependent B cell responses [57]. Granja et al. added soluble 
CD40L to trout splenocytes which activated IgM+ B cells. In a series of in 
vitro experiments, synergistic effects of CD40L and a T-independent 
antigen (TNP-LPS), but not a T-dependent antigen, was found on B cell 
responses [59]. This questions the involvement of T helper cells and 
suggests that the CD40− CD40L signal might be provided by other cell 
types. 

5.1. Activation of teleost B cells by TLR ligands 

In mammals, it is known that intrinsic TLR signaling has important 
roles in both B cell activation and antibody secretion. Such signaling was 
shown to be particularly important for immunity against viral infection 
in animals [60]. In a few studies, the levels of TLR transcripts in fish B 
cells have been analyzed. In B cells of Atlantic salmon and rainbow trout, 
nuclei acid sensing TLRs, such as TLR3, TLR9, TLR21, TLR22, TLR7, and 
TLR8 are expressed [16,39]. The TLR repertoire of B cells in rainbow 
trout also includes TLR1, 2, and 5 [39], while in Atlantic salmon TLR2 is 
part of the B cell surface proteome [12]. No major differences in TLR 
profile were apparent for Atlantic salmon B cells from HK, spleen, and 
blood [16]. Altogether, it appears that teleost B cells have the ability to 
respond directly to a range of different pathogen associated molecular 
patterns (PAMP), possibly impacting B cell functionality. Indeed, in vitro 
stimulation experiments using purified B cells have shown that the TLR 
ligand CpG increases IgM secretion and differentiation into plasmablasts 
of salmonid B cells [16,61]. In addition, the antigen presenting capacity 
appears to be affected by increased gene expression of co-stimulatory 
molecules such as CD83, CD86, and CD40 [16,61]. The data also sug
gest that CpG-induced cytokines secreted by myeloid cells can potentiate 
the direct effects of CpG on Atlantic salmon B cells [16,62]. 

The role of TLR versus BCR signaling in mediating effects of PAMP on 
teleost B cells is challenging to study. Some studies were performed with 
B cells purified using an anti-IgM antibody, which in itself may cross-link 
the BCR and activate the B cells prior to the subsequent TLR stimulation, 
thus not giving a clear answer to this [16]. Using only FAB fragments of 
anti-IgM for cell purification, which should prevent BCR crosslinking, 
has been approached [61]. This model suggested that CpG-mediated 
TLR signaling alone is sufficient to increase surface MHC II expression 
and transcription of co-stimulatory molecules. When BCR-stimulation 
using anti-IgM was combined with CpG, a synergistic effect on prolif
eration of B cells from blood was evident [61]. Developing antibodies to 
other cell surface markers than IgM and a methodology for negative 
selection of teleost B cells would make such studies more feasible. 
Altogether, CpGs have profound direct effects on the immune functions 
of salmonid B cells, suggesting an application of these TLR-ligands as 
vaccine adjuvants [63]. In Atlantic salmon, this has been explored 
showing that CpG in combination with dsRNA (poly I:C) boosted levels 
of neutralizing antibodies in a salmonid alpha virus vaccine compared to 
controls [64,65]. Based on the TLR profile of salmonid B cells, more 
ligands should be explored for effects on B cell functions both in vitro and 
in vivo. 

5.2. Spatial biology of teleost B cell activation 

Since both spleen and HK are secondary lymphoid tissues in teleosts, 
they seem logical locations for activation of B cells. Although the teleost 
spleen is regarded as the main secondary lymphoid organ, the tissue is 
less organized and without definite regionalization such as in spleens of 
other jawed vertebrates (reviewed in Ref. [66]). It is thus questioned, 
how and where antigen presentation and initiation of the adaptive im
mune response are organized. Aggregates of melanomacrophages 
(melanomacrophage centers -MMCs) are found mainly in spleen and HK 
of fish and can retain antigens after vaccination or infection (reviewed in 
Ref. [67,68]). In rainbow trout, a recent study found that infection with 
the parasite Ichthyophthirius multifiliis induced aggregates of prolifer
ating antigen specific B cells closely associated with CD4 T cells nearby 
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spleen MMCs. Together with IgM CDR3 repertoire analysis of B cells 
within these areas, their data suggest that systemic IgM responses are 
induced within such microstructures [69]. It is not known in detail if 
similar processes take place in association with HK MMCs. 

In trout HK, both developing B cells and ASC are present [70]. In 
Atlantic salmon, a population of MHCII + cells is present which has been 
shown to endocytose antigen in the periphery, such as the PerC, and 
over time these cells accumulated mainly in the HK and not the spleen 
[71]. These data support that the HK also functions as a secondary 
lymphoid tissue in teleost. However, the teleost kidney is a complex 
organ, and the HK and the posterior kidney harbor distinct B cell pop
ulations in rainbow trout. Mostly B cell precursors and ASC are present 
in HK, while plasmablasts and partially activated B cells are more 
prevalent in the posterior kidney [72]. The characteristics of these B cell 
populations were delineated by analyzing the expression of B cell 
transcription factors Pax5 and Blimp-1 together with properties of pro
liferation and Ig-secretion. In a recent study on Atlantic salmon infected 
with SAV3, a significant increase in IgM secreting cells occurred only in 
the posterior kidney at 2 weeks post infection, while a response in HK 
and spleen emerged later [47]. Although the posterior kidney is not 
included in most studies of teleost B cell responses, these findings 
emphasize the importance of exploring the role of this tissue in relation 
to HK as secondary immune site for B cell activation. 

6. In search of affinity maturation in teleosts 

An important feature of adaptive immune responses is that after 
activation of immune cells, the responses become more specific to the 
insult. B cells mainly accomplish this through affinity maturation that 
leads to antibodies with higher specificity and affinity. This is achieved 
through antigen-driven clonal selection of B cells that have the highest 
affinity for the pathogen epitopes and somatic hypermutation of the 
variable regions of the BCR. Both these processes occur mainly in 
germinal centers (GC) in mammals, whose presence in fish has been 
debated [73]. This, coupled to the relatively low antibody affinity 
observed in fish, has led to discussions on whether fish have affinity 
maturation and where the processes for affinity maturation in fish might 
occur. 

Affinity maturation of the teleost antibody response was initially 
doubted [73–75], although it has later been clearly demonstrated, first 
in rainbow trout [76] and more recently in channel catfish [77]. When 
we are looking for the location of B cell affinity maturation, we need to 
find B cells that undergo somatic hypermutation and selection. 
Activation-induced cytidine deaminase (aicda, also referred to as AID), 
the enzyme that drives the processes of somatic hypermutation and class 
switching in mammals, is also present in fish. This enzyme was identi
fied and found to be functionally active in catfish and zebrafish [78,79]. 
Selection of B cells involves helper cells that present the antigen (like 
follicular dendritic cells (FDC) in mammals) and provide signals for 
differentiation, survival, or cell death (like follicular T helper cells (Tfh) 
in mammals). Taken together, a possible location of affinity maturation 
for teleost B cells should have indicators of aicda expression in B cells, 
cells capable of antigen storage and presentation, and supporting cells. 

A structure that has long been debated to be a prototype GC and thus 
a location of affinity maturation in teleosts, is the beforementioned 
MMC. MMC are aggregates of melanomacrophages (MM) that are sup
ported or encapsulated by reticular cells [80]. They have auto fluores
cent properties, have been implied to be involved in immune responses, 
and can trap antigen [81,82]. Recent work by Magor and his group has 
shown that aicda expressing B cells aggregate within catfish MMC [79]. 
Through high throughput sequencing of zebrafish spleen and kidney 
MMC, the same group found hundreds of VDJ mutations mainly 
affecting the antigen binding loop, which were dominated by few clo
notype lineages, indicating SHM and selection [83]. In addition, they 
observed that MM in zebrafish and goldfish (Carassius auratus) MMC 
(can) trap antigen, and MMC in goldfish kidney express genes 

corresponding with an FDC profile (BAFF, FcR-like, CR1-like, MFGE8, 
and a putative CXCL13) [83]. In rainbow trout, aggregates around MMC 
have also been shown to exhibit evidence of aicda expression, higher 
levels of apoptosis, and somatic hypermutation as determined through 
IgHμ V sequencing [69]. Together, this presents a strong case for MMC 
as locations of affinity maturation in teleost fish, but whether they are 
true predecessors to the mammalian GC remains a pending question. 

When addressing teleost affinity maturation and possible GC pre
cursors, we should also consider extrafollicular (EF) antibody responses 
in mammals. Usually, antibody responses in mammals start with an EF 
response where B cells are activated, differentiate into plasmablasts, and 
produce the first peak of antibodies, followed by the formation of GC 
after B and T cell migration, resulting in the development of long-lived 
plasma cells (LLPC) [84]. Some infections, however, barely activate GC 
responses and result in EF responses [85,86]. Interestingly, EF responses 
show similarities with teleost antibody responses: low to modest affinity 
maturation and development of memory B cells, but no to low devel
opment of LLPC nor long term antibody production [84]. Infections in 
mucosal tissue or parenchymal organs of mammals might lead to local 
aggregates of lymphoid cells that can range from disorganized foci of T, 
B, and myeloid cells to tertiary lymphoid tissues that resemble lymph 
node T and B cell zones and can include FDCs [84]. These responses are 
probably mainly EF-like, except if a tertiary lymphoid tissue includes 
functional FDC and Tfh, and it is interesting to consider teleost (local) B 
cell, MM, and MMC responses within this spectrum. 

If we consider MMC as locations for affinity maturation of B cells, 
their spatial distribution will be of interest. Historically, they have been 
described as being localized in the spleen, (head) kidney, and liver of 
teleost fish [67,68,87]. More recently, additional locations came into 
view, as Dang et al. described MMC in spleen, kidney, liver, pancreas, 
and gills of shorthorn sculpin [88]. It should be noted that MM aggre
gates in salmonids show less structure, lacking a capsule, and display a 
more random distribution than in other teleost species. However, they 
still associate with leukocytes and reticular cells [67,89,90], and show 
evidence of somatic hypermutation [69], so should be considered MMC. 

Possible locations of affinity maturation without mention of MMC 
are the zebrafish intestine and rainbow trout NALT. Based on VDJ 
sequencing and clonal diversity analysis, Waly et al. observed mutations 
and dominating clonotypes in intestine samples comparable to the MMC 
samples we discussed earlier, suggesting affinity maturation somewhere 
in the zebrafish intestine [83]. In addition, Garcia et al. describe 
lymphocyte aggregates in the rainbow trout NALT with CD4+, IgM+, 
CD8α+, or IgT+ cells and high aicda mRNA expression [36]. Intranasal 
vaccination with live attenuated infectious haematopoietic necrosis 
virus (IHNV) expanded B cells, increased the aicda expression, and 
induced both proliferation and apoptosis of B cells, suggesting ongoing 
affinity maturation. 

Since local responses seem to be prominent in teleosts, it might be 
worth investigating whether any affinity maturation is occurring there. 
The range of possible local aggregates of lymphoid cells with EF re
sponses that could include some affinity maturation in mammals sug
gests that this is possible. Especially the major B cell responses in the 
PerC and MM responses as observed in oil-adjuvanted vaccine induced 
lesions in Atlantic salmon [91] could be interesting to evaluate since the 
presence and mechanics of possible local affinity maturation would be of 
great interest for (IP) vaccine design and evaluation. 

7. Locations of long-lived plasma cells: what unique factors in 
the head kidney attract and sustain ASC? 

An important consideration in vaccine design is the development of 
immunological memory. While the presence of humoral memory re
sponses in fish is well accepted, the suitability and accuracy of applying 
the term ‘long-lived plasma cell,’ as is commonly used in mammals, to 
describe a subset of antibody-producing B cells in teleost species without 
a clear understanding of their phenotype, survival niche, metabolic 
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program, and the necessary soluble survival factors, requires careful 
consideration. Consequently, there have been inconsistencies in termi
nologies used to describe fish B cells engaged in antibody production, 
such as plasmablasts, ASC, plasma cells, short-lived plasma cells, and 
long-lived plasma cells [8,9,11,48,92–95]. Although there appears to be 
no standardized criteria for choosing one terminology over the other, 
characteristics like an increased cytoplasmic-to-nuclear ratio, enhanced 
antibody production and affinity, larger size and increased internal 
granularity (FSC Vs. SSC), increased/decreased MHC II expression, 
reduced surface expression of BCR, and/or insensitivity to hydroxyurea 
(HU) have been used to describe antibody-producing B cells in fish [7, 
46,70,92,95]. A significant increase in antibody secreting cell numbers 
has been observed in fish upon various insults [11,46,48,93], however, 
what exactly ‘instructs’ the formation of a long-lived response remains 
uncertain. In a recent in vitro stimulation study, rainbow trout splenic B 
cells exhibited a preference for activation by TNP-LPS (a model T-in
dependent antigen used in mammalian studies) than TNP-KLH (a model 
T-dependent antigen used in mammalian studies) [59]. While the fate of 
these activated B cells transitioning into plasma cells remains undeter
mined, contrasting findings have been reported in the same fish species 
where TNP-KLH induced a higher number of plasma cells than TNP-LPS 
[93,96]. These discrepancies suggest a lack of consensus regarding the 
development of ASC and lacking comprehension of plasma cell biology 
in fish. 

A study investigating ASC insensitivity to HU revealed significant 
distinctions among HK, spleen, and peripheral blood, where a majority 
of HK ASC displayed resistance to HU, suggesting they were non- 
replicating plasma cells [70]. In an unidentified trafficking mecha
nism, this study established the scientific basis for the identification of a 
potential long-term survival niche for plasma cells in the HK. Surpris
ingly, this niche has remained undefined for over two decades, resulting 
in a lack of understanding about its specific cellular composition, dis
tribution, and cytokine milieu. While little attention is given to defining 
plasma cell survival niches, significant focus is placed on identifying 
their origins [68,73,80,83]. A recent study revealed organized second
ary lymphoid microstructures adjacent to splenic MMC as contributors 
to the genesis of these cells [69]. Moreover, the possible existence of 
similar survival niches in other important immune sites, like MALTs, has 
been overlooked. Plasma cells have been reported at mucosal sites in 
various fish species [28,32,97], but their sensitivity to HU has not been 
examined, leaving uncertainty about whether these ASC are truly 
plasma cells. If they are, this raises questions about whether a compa
rable survival niche exists at mucosal sites or if MALTs use a different 
mechanism to support ASC survival. A study conducted by our team 
identified antigen-specific ASC in the PerC of Atlantic salmon upon IP 
SAV infection. The prolonged presence of these cells (13 wpi) in the PerC 
seemed to be antigen independent as virus RNA was undetectable in the 
PerC adipose tissue [47]. This finding suggests a B cell phenotype 
resembling plasma cells. Additionally, the same study found a higher 
frequency of Ag-specific ASC in the PerC than in systemic tissues of 
infected fish. This suggests the presence of a niche in the PerC that 
selectively favors their survival or a mechanism actively sequestering 
Ag-specific ASC in the PerC. Consistent with this, in mammals, 
Ag-specific memory B-1a cells persist indefinitely in the PerC waiting for 
subsequent infection [98]. 

8. Trafficking of B cells to and from sites of ongoing infection 

Varying B cell subsets and differentiation stages are present in 
different tissues, and the orchestration of adaptive immune responses 
requires trafficking of B cells within and between these tissues. 
Exploring the patterns and timing of B cell trafficking offers insights into 
the factors that impact the efficiency of the immune response. Such 
analyses can also aid in optimizing vaccine formulations and regimens, 
ensuring the targeted delivery of necessary cell populations to desig
nated locations [99,100]. The trafficking trajectory of B cells in teleosts 

commences in the HK, where their genesis and development start [72]. 
Subsequently, B cells are proposed to migrate to peripheral immune 
tissues where they commit a series of developmental events, including 
maturation, activation, and differentiation into effector 
antibody-secreting cells before relocating back to their origin in search 
of a long-term survival niche [70,95]. The molecular cues and structures 
supporting B cell trafficking in teleosts remain poorly understood. 
Nonetheless, increased number of B cells at sites of infection or antigen 
challenge as well as in target tissues undergoing active pathological 
processes have been documented in several studies, some of which have 
already been discussed [11,45,48–50,101–103]. While the timing and 
extent of the increase in B cell numbers exhibit variability, the obser
vations point at the role B cells have in immune surveillance and tar
geted immune responses. The expanded B cell population within these 
specific microenvironments seems to function by containing infections 
at the point of entry or mitigating damage caused by infections in target 
organs. It remains uncertain whether B cells achieve this directly 
through their ability to ingest and kill pathogens, indirectly by pro
ducing antibodies that enhance the phagocytic activity of other cells, or 
through a combination of both mechanisms. Findings such as that nearly 
80% of cells internalizing bacteria in the PerC after IP infection with 
E. coli were B cells [46], along with a substantial increase in PerC 
antibody-secreting cell numbers following various infection models [8, 
11,48], indicate their pivotal role in both mechanisms. 

In this context, studies involving IP challenge have contributed 
significantly to advancing our understanding of B cell trafficking in fish. 
It is now firmly established that B cells represent one of the main cell 
types that undergo a notable increase in numbers in PerC in response to 
various IP antigenic stimulations or infections as previously discussed 
[8,11,45,46,49]. Despite consistently observing elevated B cell numbers 
in the PerC across these studies, the question of whether these increased 
numbers result from migration from other immune sites or stem from 
local activation and proliferation requires further exploration. In a study 
investigating the homing of leukocytes in Atlantic salmon after IP 
stimulation with OVA and CpG, the injected materials were exclusively 
found in MHCII+/IgM− cells in HK and spleen [71]. This study did not 
analyze the immune response in the PerC, leaving out information about 
local phagocytic cells. Despite this, given the robust phagocytic ability of 
IgM+ B cells in the PerC, the above finding implies that B cells 
encountering antigens IP might remain within the PerC, where they 
become activated and undergo differentiation-a hypothesis that requires 
further investigation. An important question that arises from this is how 
immune cells, such as B cells, move in and out of the PerC. 

After IP stimulation of turbot (Scophthalmus maximus), the trafficking 
of bead-containing PerC neutrophils and macrophages to systemic 
lymphoid organs mainly occurs through the visceral peritoneum as 
evidenced by rapid attachment of these cells to the peritoneal folds that 
connect visceral organs [104]. While not explored in this study, it is 
tempting to speculate that B cells might employ a similar route of traf
ficking as the myeloid cells. Although PerC leukocytes in fish and 
mammals are freely migrating between the systemic and PerC com
partments, they differ in their transit points. In mammals, omental milky 
spots, besides functioning as peripheral secondary immune sites, act as 
gateways for leukocytes moving between the PerC and systemic com
partments [105]. Milky spot-like structures with secondary immune 
function have been described in fish [106]. Nevertheless, further 
investigation is necessary to understand their potential involvement in 
the trafficking of leukocytes. Apart from these structural bases, the 
trafficking of leukocytes in mammals is mediated by various chemo
attractants [107,108] and presumably in fish, as IP injection of TNF-α 
promotes expression of different CC and CXC chemokines in endothelial 
cells that recruit and activate different phagocytic cells in gilthead 
seabream (Sparus aurata) and zebrafish [109]. 

While several teleost studies have documented an increase in PerC B 
cells following IP stimulation, little attention has been placed on the 
trafficking of these cells in and out of the PerC. Studies on PerC adipose 
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tissue in Atlantic salmon and rainbow trout have revealed differential 
transcription of a wide range of immune genes, including those involved 
in antigen presentation [48,106,110], hinting at potential antigen pre
sentation capabilities. Additionally, others have shown B cells exhibiting 
a plasmablast phenotype and an increased presence of ASC within the 
PerC after IP challenge [8,11,46,110], indicating local activation and 
differentiation. Notably, despite accumulating evidence showing an 
active immunological role of the PerC against IP administered antigen, 
specific structures that provide mechanistic support for activation and 
differentiation of B cells have not been conclusively illustrated. Existing 
models describing the distribution of B cells in teleost species have 
overlooked the potential contribution of peripheral immune sites, such 
as PerC, in B cell activation and differentiation [70,72,95]. This has 
inspired us to propose a model outlining the dynamic interplay between 
the PerC and systemic sites concerning B cell activation and maturation 
after IP challenge (Fig. 2). 

9. Conclusion 

Even though understanding B cell biology of teleosts is fundamental 
to elucidating antibody responses and improving vaccine design for 

aquaculture, we have been relying heavily on assumptions and extrap
olations from the mammalian paradigm. Recent research has yielded 
valuable information, but also highlighted the need to keep an open 
mind and be willing to challenge assumptions, especially when inves
tigating spatial distributions of B cells. When investigations only focus 
on ‘the usual suspects’, we risk missing out on information regarding 
other important locations for B cell responses. The PerC and its associ
ated AT, new MALTs, and MMC are some examples of locations whose 
importance in B cell responses has only been appreciated in more recent 
years. Additional holistic omics approaches combined with tailored re
agents targeting different B cell phenotypes will be crucial to further 
evaluate teleost B cell biology and spatial distributions in the coming 
years. These tools, together with evolving models and a willingness to 
keep challenging them, will allow us to obtain a more complete story on 
the special distribution of teleost B cells and whether they are really 
going there and back (to the HK) again, or whether they occasionally 
find a different location to end their quest. 
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Fig. 2. A model illustrating antibody secreting cells (ASC) trafficking within the peritoneal cavity (PerC), head kidney (HK), and spleen after intraper
itoneal (IP) challenge. B cells develop and mature in the HK. Mature naïve B cells exit the HK and travel through the bloodstream in pursuit of foreign antigens 
throughout the body. Resident PerC B cells and other antigen presenting cells (APC) sample antigens that are administered IP. Upon antigen encounter, resident PerC 
B cells mature into ASC in PerC adipose tissue (AT). The AT ASC migrate back to the PerC or to the systemic sites for antibody secretion and to search for a survival 
niche in the HK to terminally differentiate into long-lived ASC. Similarly, antigen encountered PerC APCs migrate to the PerC AT to present antigen to AT resident 
naïve B cells or to transit to the systemic immune tissues. The Ag encountered APCs migrate from the PerC AT to the HK and spleen via the peritoneal fold connecting 
the viscera and to the blood for antigen presentation and activation of naïve B cells. These B cells mature into ASC in the systemic sites, secrete IgM, and migrate to a 
survival niche in the HK or are redistributed via the blood to the periphery, such as PerC, for antibody production. 
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M. Peñaranda, B.J. Jørgensen, I. Jensen, Virus-specific antibody secreting cells 
reside in the peritoneal cavity and systemic immune sites of Atlantic salmon 
(Salmo salar) challenged intraperitoneally with salmonid alphavirus, (Submitted) 
(2024). https://doi.org/10.2139/ssrn.4757648. 

[48] Y.A. van der Wal, S. Jenberie, H. Nordli, L. Greiner-Tollersrud, J. Kool, I. Jensen, 
J.B. Jørgensen, The importance of the Atlantic salmon peritoneal cavity B cell 
response: local IgM secreting cells are predominant upon Piscirickettsia salmonis 
infection, Dev. Comp. Immunol. 123 (2021) 104125, https://doi.org/10.1016/j. 
dci.2021.104125. 

[49] X. Shi, H. Chi, Y. Sun, X. Tang, J. Xing, X. Sheng, W. Zhan, The early peritoneal 
cavity immune response to Vibrio anguillarum infection and to inactivated 
bacterium in olive flounder (Paralichthys olivaceus), Microorganisms 10 (11) 
(2022) 2175. https://www.mdpi.com/2076-2607/10/11/2175. 

[50] R. Simón, A. Martín-Martín, E. Morel, P. Díaz-Rosales, C. Tafalla, Functional and 
phenotypic characterization of B cells in the teleost adipose tissue [original 
research], Front. Immunol. 13 (2022), https://doi.org/10.3389/ 
fimmu.2022.868551. 

[51] N. Baumgarth, E.E. Waffarn, T.T. Nguyen, Natural and induced B-1 cell immunity 
to infections raises questions of nature versus nurture, Ann. N. Y. Acad. Sci. 1362 
(2015) 188–199, https://doi.org/10.1111/nyas.12804. 

[52] J.M. Dal Porto, S.B. Gauld, K.T. Merrell, D. Mills, A.E. Pugh-Bernard, J. Cambier, 
B cell antigen receptor signaling 101, Mol. Immunol. 41 (6) (2004) 599–613, 
https://doi.org/10.1016/j.molimm.2004.04.008. 

[53] D.J. Rawlings, M.A. Schwartz, S.W. Jackson, A. Meyer-Bahlburg, Integration of B 
cell responses through Toll-like receptors and antigen receptors, Nat. Rev. 
Immunol. 12 (4) (2012) 282–294, https://doi.org/10.1038/nri3190. 

[54] X. Liu, Y.S. Li, S.A. Shinton, J. Rhodes, L. Tang, H. Feng, C.A. Jette, A.T. Look, 
K. Hayakawa, R.R. Hardy, Zebrafish B cell development without a pre-B cell 
stage, revealed by CD79 fluorescence reporter transgenes, J. Immunol. 199 (5) 
(2017) 1706–1715, https://doi.org/10.4049/jimmunol.1700552. 

[55] R. Elgueta, M.J. Benson, V.C. De Vries, A. Wasiuk, Y. Guo, R.J. Noelle, Molecular 
mechanism and function of CD40/CD40L engagement in the immune system, 
Immunol. Rev. 229 (1) (2009) 152–172, https://doi.org/10.1111/j.1600- 
065X.2009.00782.x. 

[56] Y.F. Gong, L.X. Xiang, J.Z. Shao, CD154-CD40 interactions are essential for 
thymus-dependent antibody production in zebrafish: insights into the origin of 
costimulatory pathway in helper T cell-regulated adaptive immunity in early 
vertebrates, J. Immunol. 182 (12) (2009) 7749–7762, https://doi.org/10.4049/ 
jimmunol.0804370. 

[57] B. Li, Y. Li, S. Wu, Y. Yang, S. Fu, X. Yin, X. Tu, L. Fang, Z. Guo, J. Ye, 
Identification and functional characterization of CD154 in T cell-dependent 
immune response in Nile tilapia (Oreochromis niloticus), Fish Shellfish Immunol. 
111 (2021) 102–110, https://doi.org/10.1016/j.fsi.2021.01.009. 

[58] J. Xing, H. Tian, L. Wang, X. Tang, X. Sheng, W. Zhan, Characterization of CD40+
leukocytes in flounder (Paralichthys olivaceus) and its response after Hirame 

novirhabdovirus infection and immunization, Mol. Immunol. 104 (2018) 79–89, 
https://doi.org/10.1016/j.molimm.2018.11.001. 

[59] A.G. Granja, P. Perdiguero, A. Martín-Martín, P. Díaz-Rosales, I. Soleto, C. Tafalla, 
Rainbow trout IgM+ B cells preferentially respond to thymus-independent 
antigens but are activated by CD40L [original research], Front. Immunol. 10 
(2019), https://doi.org/10.3389/fimmu.2019.02902. 

[60] E. Zhang, Z. Ma, M. Lu, Contribution of T- and B-cell intrinsic toll-like receptors to 
the adaptive immune response in viral infectious diseases, Cell. Mol. Life Sci. 79 
(11) (2022) 547, https://doi.org/10.1007/s00018-022-04582-x. 

[61] R. Simón, P. Díaz-Rosales, E. Morel, D. Martín, A.G. Granja, C. Tafalla, CpG 
oligodeoxynucleotides modulate innate and adaptive functions of IgM(+) B cells 
in rainbow trout, Front. Immunol. 10 (2019) 584, https://doi.org/10.3389/ 
fimmu.2019.00584. 

[62] D.B. Iliev, S.M. Jørgensen, M. Rode, A. Krasnov, I. Harneshaug, J.B. Jørgensen, 
CpG-induced secretion of MHCIIbeta and exosomes from salmon (Salmo salar) 
APCs, Dev. Comp. Immunol. 34 (1) (2010) 29–41, https://doi.org/10.1016/j. 
dci.2009.07.009. 

[63] G. Strandskog, S. Villoing, D.B. Iliev, H.L. Thim, K.E. Christie, J.B. Jørgensen, 
Formulations combining CpG containing oliogonucleotides and poly I:C enhance 
the magnitude of immune responses and protection against pancreas disease in 
Atlantic salmon, Dev. Comp. Immunol. 35 (11) (2011) 1116–1127, https://doi. 
org/10.1016/j.dci.2011.03.016. 

[64] H.L. Thim, D.B. Iliev, K.E. Christie, S. Villoing, M.F. McLoughlin, G. Strandskog, J. 
B. Jørgensen, Immunoprotective activity of a Salmonid Alphavirus Vaccine: 
comparison of the immune responses induced by inactivated whole virus antigen 
formulations based on CpG class B oligonucleotides and poly I:C alone or 
combined with an oil adjuvant, Vaccine 30 (32) (2012) 4828–4834, https://doi. 
org/10.1016/j.vaccine.2012.05.010. 

[65] H.L. Thim, S. Villoing, M. McLoughlin, K.E. Christie, S. Grove, P. Frost, J. 
B. Jørgensen, Vaccine adjuvants in fish vaccines make a difference: comparing 
three adjuvants (montanide ISA763A oil, CpG/poly I:C combo and VHSV 
glycoprotein) alone or in combination formulated with an inactivated whole 
salmonid alphavirus antigen, Vaccines (Basel) 2 (2) (2014) 228–251, https://doi. 
org/10.3390/vaccines2020228. 

[66] H. Matz, H. Dooley, 450 million years in the making: mapping the evolutionary 
foundations of germinal centers, Front. Immunol. 14 (2023) 1245704, https:// 
doi.org/10.3389/fimmu.2023.1245704. 

[67] C. Agius, R.J. Roberts, Melano-macrophage centres and their role in fish 
pathology, J. Fish. Dis. 26 (9) (2003) 499–509, https://doi.org/10.1046/j.1365- 
2761.2003.00485.x. 

[68] N.C. Steinel, D.I. Bolnick, Melanomacrophage centers as a histological indicator 
of immune function in fish and other poikilotherms [mini review], Front. 
Immunol. 8 (2017), https://doi.org/10.3389/fimmu.2017.00827. 

[69] Y. Shibasaki, S. Afanasyev, A. Fernández-Montero, Y. Ding, S. Watanabe, 
F. Takizawa, J. Lamas, F. Fontenla-Iglesias, J.M. Leiro, A. Krasnov, P. Boudinot, J. 
O. Sunyer, Cold-blooded vertebrates evolved organized germinal center-like 
structures, Sci. Immunol. 8 (90) (2023) eadf1627, https://doi.org/10.1126/ 
sciimmunol.adf1627. 

[70] 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, https://doi.org/10.4049/jimmunol.173.12.7317. 

[71] D.B. Iliev, H. Thim, L. Lagos, R. Olsen, J.B. Jørgensen, Homing of antigen- 
presenting cells in head kidney and spleen - salmon head kidney hosts diverse 
APC types, Front. Immunol. 4 (2013) 137, https://doi.org/10.3389/ 
fimmu.2013.00137. 

[72] P. Zwollo, S. Cole, E. Bromage, S. Kaattari, B cell heterogeneity in the teleost 
kidney: evidence for a maturation gradient from anterior to posterior kidney, 
J. Immunol. 174 (11) (2005) 6608–6616, https://doi.org/10.4049/ 
jimmunol.174.11.6608. 

[73] A. Muthupandian, D. Waly, B.G. Magor, Do ectothermic vertebrates have a home 
in which to affinity mature their antibody responses? Dev. Comp. Immunol. 119 
(2021) 104021 https://doi.org/10.1016/j.dci.2021.104021. 

[74] M.R. Arkoosh, S.L. Kaattari, Development of immunological memory in rainbow 
trout (Oncorhynchus mykiss). I. An immunochemical and cellular analysis of the 
B cell response, Dev. Comp. Immunol. 15 (4) (1991) 279–293, https://doi.org/ 
10.1016/0145-305X(91)90021-P. 

[75] K.D. Cain, D.R. Jones, R.L. Raison, Antibody–antigen kinetics following 
immunization of rainbow trout (Oncorhynchus mykiss) with a T-cell dependent 
antigen, Dev. Comp. Immunol. 26 (2) (2002) 181–190, https://doi.org/10.1016/ 
S0145-305X(01)00063-5. 

[76] S.L. Kaattari, H.L. Zhang, I.W. Khor, I.M. Kaattari, D.A. Shapiro, Affinity 
maturation in trout: clonal dominance of high affinity antibodies late in the 
immune response, Dev. Comp. Immunol. 26 (2) (2002) 191–200, https://doi.org/ 
10.1016/S0145-305X(01)00064-7. 

[77] L. Wu, S. Fu, X. Yin, W. Leng, Z. Guo, A. Wang, J. Ye, Affinity maturation occurs 
in channel catfish (Ictalurus punctaus) following immunization with a T-cell 
dependent antigen, Fish Shellfish Immunol. 84 (2019) 781–786, https://doi.org/ 
10.1016/j.fsi.2018.10.057. 

[78] A.M. Dancyger, J.J. King, M.J. Quinlan, H. Fifield, S. Tucker, H.L. Saunders, 
M. Berru, B.G. Magor, A. Martin, M. Larijani, Differences in the enzymatic 
efficiency of human and bony fish AID are mediated by a single residue in the C 
terminus modulating single-stranded DNA binding, Faseb. J. 26 (4) (2012) 
1517–1525, https://doi.org/10.1096/fj.11-198135. 

[79] H.L. Saunders, A.L. Oko, A.N. Scott, C.W. Fan, B.G. Magor, The cellular context of 
AID expressing cells in fish lymphoid tissues, Dev. Comp. Immunol. 34 (6) (2010) 
669–676, https://doi.org/10.1016/j.dci.2010.01.013. 

S. Jenberie et al.                                                                                                                                                                                                                                

https://doi.org/10.4049/jimmunol.2200396
https://doi.org/10.4049/jimmunol.2200396
https://doi.org/10.1016/j.dci.2018.11.022
https://doi.org/10.1016/j.dci.2018.11.022
https://doi.org/10.1016/0092-8674(94)90321-2
https://doi.org/10.1016/0092-8674(94)90321-2
https://doi.org/10.1371/journal.pone.0082737
https://doi.org/10.3390/biology9060127
https://doi.org/10.1016/j.dci.2014.02.007
https://doi.org/10.1016/j.dci.2014.02.007
https://doi.org/10.3390/biology4030525
https://doi.org/10.12717/dr.2023.27.2.67
https://doi.org/10.1016/j.aquaculture.2019.02.045
https://doi.org/10.1016/j.aquaculture.2019.02.045
https://doi.org/10.1016/j.fsi.2013.07.032
https://doi.org/10.1016/j.dci.2017.01.012
https://doi.org/10.1016/j.dci.2017.01.012
https://doi.org/10.2139/ssrn.4757648
https://doi.org/10.1016/j.dci.2021.104125
https://doi.org/10.1016/j.dci.2021.104125
https://www.mdpi.com/2076-2607/10/11/2175
https://doi.org/10.3389/fimmu.2022.868551
https://doi.org/10.3389/fimmu.2022.868551
https://doi.org/10.1111/nyas.12804
https://doi.org/10.1016/j.molimm.2004.04.008
https://doi.org/10.1038/nri3190
https://doi.org/10.4049/jimmunol.1700552
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.1111/j.1600-065X.2009.00782.x
https://doi.org/10.4049/jimmunol.0804370
https://doi.org/10.4049/jimmunol.0804370
https://doi.org/10.1016/j.fsi.2021.01.009
https://doi.org/10.1016/j.molimm.2018.11.001
https://doi.org/10.3389/fimmu.2019.02902
https://doi.org/10.1007/s00018-022-04582-x
https://doi.org/10.3389/fimmu.2019.00584
https://doi.org/10.3389/fimmu.2019.00584
https://doi.org/10.1016/j.dci.2009.07.009
https://doi.org/10.1016/j.dci.2009.07.009
https://doi.org/10.1016/j.dci.2011.03.016
https://doi.org/10.1016/j.dci.2011.03.016
https://doi.org/10.1016/j.vaccine.2012.05.010
https://doi.org/10.1016/j.vaccine.2012.05.010
https://doi.org/10.3390/vaccines2020228
https://doi.org/10.3390/vaccines2020228
https://doi.org/10.3389/fimmu.2023.1245704
https://doi.org/10.3389/fimmu.2023.1245704
https://doi.org/10.1046/j.1365-2761.2003.00485.x
https://doi.org/10.1046/j.1365-2761.2003.00485.x
https://doi.org/10.3389/fimmu.2017.00827
https://doi.org/10.1126/sciimmunol.adf1627
https://doi.org/10.1126/sciimmunol.adf1627
https://doi.org/10.4049/jimmunol.173.12.7317
https://doi.org/10.3389/fimmu.2013.00137
https://doi.org/10.3389/fimmu.2013.00137
https://doi.org/10.4049/jimmunol.174.11.6608
https://doi.org/10.4049/jimmunol.174.11.6608
https://doi.org/10.1016/j.dci.2021.104021
https://doi.org/10.1016/0145-305X(91)90021-P
https://doi.org/10.1016/0145-305X(91)90021-P
https://doi.org/10.1016/S0145-305X(01)00063-5
https://doi.org/10.1016/S0145-305X(01)00063-5
https://doi.org/10.1016/S0145-305X(01)00064-7
https://doi.org/10.1016/S0145-305X(01)00064-7
https://doi.org/10.1016/j.fsi.2018.10.057
https://doi.org/10.1016/j.fsi.2018.10.057
https://doi.org/10.1096/fj.11-198135
https://doi.org/10.1016/j.dci.2010.01.013


Fish and Shellfish Immunology 148 (2024) 109479

10

[80] F.A. Vigliano, R. Bermúdez, M.I. Quiroga, J.M. Nieto, Evidence for melano- 
macrophage centres of teleost as evolutionary precursors of germinal centres of 
higher vertebrates: an immunohistochemical study, Fish Shellfish Immunol. 21 
(4) (2006) 467–471, https://doi.org/10.1016/j.fsi.2005.12.012. 

[81] A.E. Ellis, Antigen-trapping in the spleen and kidney of the plaice Pleuronectes 
platessa L, J. Fish. Dis. 3 (5) (1980) 413–426, https://doi.org/10.1111/j.1365- 
2761.1980.tb00425.x. 

[82] C.H. Lamers, M.J. De Haas, Antigen localization in the lymphoid organs of carp 
(Cyprinus carpio), Cell Tissue Res. 242 (3) (1985) 491–498, https://doi.org/ 
10.1007/bf00225413. 

[83] D. Waly, A. Muthupandian, C.-W. Fan, H. Anzinger, B.G. Magor, Immunoglobulin 
VDJ repertoires reveal hallmarks of germinal centers in unique cell clusters 
isolated from zebrafish (Danio rerio) lymphoid tissues [Original Research], Front. 
Immunol. 13 (2022), https://doi.org/10.3389/fimmu.2022.1058877. 

[84] R.A. Elsner, M.J. Shlomchik, Germinal center and extrafollicular B cell responses 
in vaccination, immunity, and autoimmunity, Immunity 53 (6) (2020) 
1136–1150, https://doi.org/10.1016/j.immuni.2020.11.006. 

[85] A.F. Cunningham, F. Gaspal, K. Serre, E. Mohr, I.R. Henderson, A. Scott-Tucker, S. 
M. Kenny, M. Khan, K.M. Toellner, P.J. Lane, I.C. MacLennan, Salmonella induces 
a switched antibody response without germinal centers that impedes the 
extracellular spread of infection, J. Immunol. 178 (10) (2007) 6200–6207, 
https://doi.org/10.4049/jimmunol.178.10.6200. 

[86] R. Racine, D.D. Jones, M. Chatterjee, M. McLaughlin, K.C. Macnamara, G. 
M. Winslow, Impaired germinal center responses and suppression of local IgG 
production during intracellular bacterial infection, J. Immunol. 184 (9) (2010) 
5085–5093, https://doi.org/10.4049/jimmunol.0902710. 

[87] L. Passantino, A. Cianciotta, F. Jirillo, M. Carrassi, E. Jirillo, G.F. Passantino, 
Lymphoreticular system in fish: erythrocyte-mediated immunomodulation of 
macrophages contributes to the formation of melanomacrophage centers, 
Immunopharmacol. Immunotoxicol. 27 (1) (2005) 147–161, https://doi.org/ 
10.1081/iph-51766. 

[88] M. Dang, C. Nowell, T. Nguyen, L. Bach, C. Sonne, R. Nørregaard, M. Stride, 
B. Nowak, Characterisation and 3D structure of melanomacrophage centers in 
shorthorn sculpins (Myoxocephalus scorpius), Tissue Cell 57 (2019) 34–41, 
https://doi.org/10.1016/j.tice.2019.02.003. 

[89] C.M. Press, B.H. Dannevig, T. Landsverk, Immune and enzyme histochemical 
phenotypes of lymphoid and nonlymphoid cells within the spleen and head 
kidney of Atlantic salmon (Salmo salar L.), Fish Shellfish Immunol. 4 (2) (1994) 
79–93, https://doi.org/10.1006/fsim.1994.1007. 

[90] C.M. Press, Ø. Evensen, The morphology of the immune system in teleost fishes, 
Fish Shellfish Immunol. 9 (4) (1999) 309–318, https://doi.org/10.1006/ 
fsim.1998.0181. 

[91] T.T. Poppe, O. Breck, Pathology of Atlantic salmon Salmo salar intraperitoneally 
immunized with oil-adjuvanted vaccine. A case report, Dis. Aquat. Org. 29 (1997) 
8. 

[92] S. Kaattari, E. Bromage, I. Kaattari, Analysis of long-lived plasma cell production 
and regulation: implications for vaccine design for aquaculture, Aquaculture 246 
(1) (2005) 1–9, https://doi.org/10.1016/j.aquaculture.2004.12.024. 

[93] C. Ma, J. Ye, S.L. Kaattari, Differential compartmentalization of memory B cells 
versus plasma cells in salmonid fish, Eur. J. Immunol. 43 (2) (2013) 360–370, 
https://doi.org/10.1002/eji.201242570. 

[94] 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, https://doi.org/10.4049/jimmunol.1101938. 

[95] L. Wu, S. Fu, X. Yin, Z. Guo, A. Wang, J. Ye, Long-lived plasma cells secrete high- 
affinity antibodies responding to a T-dependent immunization in a teleost fish, 
Front. Immunol. 10 (2019) 2324, https://doi.org/10.3389/fimmu.2019.02324. 

[96] J. Ye, I. Kaattari, S. Kaattari, Plasmablasts and plasma cells: reconsidering teleost 
immune system organization, Dev. Comp. Immunol. 35 (12) (2011) 1273–1281, 
https://doi.org/10.1016/j.dci.2011.03.005. 

[97] J. Tian, B. Sun, Y. Luo, Y. Zhang, P. Nie, Distribution of IgM, IgD and IgZ in 
Mandarin fish, Siniperca chuatsi lymphoid tissues and their transcriptional 
changes after Flavobacterium columnare stimulation, Aquaculture 288 (1) (2009) 
14–21, https://doi.org/10.1016/j.aquaculture.2008.11.023. 

[98] Y. Yang, E.E.B. Ghosn, L.E. Cole, T.V. Obukhanych, P. Sadate-Ngatchou, S. 
N. Vogel, L.A. Herzenberg, L.A. Herzenberg, Antigen-specific antibody responses 
in B-1a and their relationship to natural immunity, Proc. Natl. Acad. Sci. USA 109 
(14) (2012) 5382–5387, https://doi.org/10.1073/pnas.1121631109. 

[99] F. Castiglione, F. Mantile, P. De Berardinis, A. Prisco, How the interval between 
prime and boost injection affects the immune response in a computational model 
of the immune system, Comput. Math. Methods Med. 2012 (2012) 842329, 
https://doi.org/10.1155/2012/842329. 

[100] J. Lee, D. Kim, J. Byun, Y. Wu, J. Park, Y.K. Oh, In vivo fate and intracellular 
trafficking of vaccine delivery systems, Adv. Drug Deliv. Rev. 186 (2022) 114325, 
https://doi.org/10.1016/j.addr.2022.114325. 

[101] A.F. Bakke, H. Bjørgen, E.O. Koppang, P. Frost, S. Afanasyev, P. Boysen, 
A. Krasnov, H. Lund, IgM+ and IgT+ B cell traffic to the heart during SAV 
infection in atlantic salmon, Vaccines (Basel) 8 (3) (2020), https://doi.org/ 
10.3390/vaccines8030493. 

[102] T. Erkinharju, M.R. Lundberg, E. Isdal, I. Hordvik, R.A. Dalmo, T. Seternes, 
Studies on the antibody response and side effects after intramuscular and 
intraperitoneal injection of Atlantic lumpfish (Cyclopterus lumpus L.) with 
different oil-based vaccines, J. Fish. Dis. 40 (12) (2017) 1805–1813, https://doi. 
org/10.1111/jfd.12649. 
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