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Introduction

 Upon activation, B cells undergo a differentiation process, first becoming 

plasmablasts and eventually maturing into plasma cells, which possess an 

enhanced capacity to secrete antigen-specific antibodies (1, 2). However, a 

comprehensive understanding of how cell-mediated immunity is orchestrated in 

fish- including the dynamics of immune response transitions and the mechanisms 

underlying the generation and persistence of immunological memory-remains 

incomplete (3, 4). 

Solea senegalensis is a commercially important species in aquaculture, and the 

development of vaccines is of great interest. Currently, autogenous vaccines offer 

partial protection against furunculosis, but their efficacy is limited (5). In this study, 

monoclonal antibodies (mAbs) specific for sole IgM were generated, which allowed 

us to evaluate the kinetics of IgM+ B cell responses, and compare the dynamics of 

antigen-specific antibody-secreting cells (ASCs) in the spleen and kidney of primed 

and boosted fish. 

Materials and methods

We evaluated the efficacy of two vaccines formulated with whole (STV-W) or 

sonicated (STV-P) bacterin from an atypical Aeromonas salmonicida (AS) strain 

and the dynamics of the immune responses. All the experiments described in 

animals were carried out in accordance with the Guidelines of the European Union 

Council (2010/63/EU). Generation of hybridomas was performed based on the 

method of Galfre and Milstein (6). The experimental plan for fish vaccination and 

sampling points for both immunized and control groups are detailed in Fig. 1.

Fig.1. Schematic representation of the immunization schedule for experimental groups to analyze long-term 

immune responses. Fish were immunized using different protocols (see legend).

The efficacy of the vaccines was analyzed by challenging sole at 30-, and 90-days 

post-vaccination by ip. inoculation with a lethal dose of AS that was previously 

determined in a LD50. For leukocyte analysis, tissue and peritoneal single cell 

suspensions (40 µm pore size mesh) were centrifuged onto a 30/51% 

discontinuous Percoll gradient. Labelled cells were analyzed in a CytoFlex flow 

cytometer and sorted in a BD FACSAria III. Real-time PCR was performed in a 

QuantStudioTM 3 System (Applied Biosystems). The analysis of  specific ASCs in 

controls, primed and boosted fish were performed by ELISpot. 

FACS-sorting of CETGA-110 mAb positive leukocytes

Moreover, the percentages of total sole IgM+ cells in spleen (~30%) and kidney (~7%) 

isolated leukocytes are comparable to those described for other fish species (7, 8), 

and FACS-sorted positive populations from these tissues expressed large amounts of 

both secreted and total IgM. Fig. 3.

Fig. 3. FACS-sorting of IgM+ populations. (A) Representative flow cytometry histograms of tissue leukocytes 
showing the IgM+ and IgM- populations defined for FACS-sorting. The gating strategy followed the approach 
described in Fig. 2. Leukocytes were stained with CETGA-110 mAb (1 µg mL-1). Cells were sorted based on FITC-A 
intensity. (B) Relative gene expression analysis of sorted IgM+ and IgM- populations was performed for the total igm 
(IGHCµ1- IGHCµ2), secreted igm and cd8β analyzed by qPCR. Relative expression values were calculated using 
the 2-ΔCT method, housekeeping gene (ef1-α). n=3.

Recall of specific antibody-secreting cells at long-

term in vaccinated plus challenged fish 

A booster administered 10 months post-challenge to previously vaccinated and 

surviving fish led to activation of ASCs, and a more rapid production of specific IgM 

antibodies compared to primed fish (Fig. 5). The presence of specific IgM-secreting 

plasma cells was quantified by ELISpot from leukocytes isolated from (see Fig. 1): 

naïve non-vaccinated fish (group Ctr) and naïve fish primed with the STV-W 

vaccine 7 days before the ELISpot assay (Ctr+i7), none of them challenged; 

vaccinated fish (STV-W) that survived a challenge with bacteria 1month post-

vaccination and were kept for three months prior to the ELISpot assay without 

receiving booster (3m); vaccinated fish that survived a challenge with bacteria 

1month post-vaccination and were kept for ten months before the ELISpot assay 

with no booster (10m), with a booster four days before the ELISpot assay (10m+i4), 

and with a booster seven days before the assay (10m+i7).

Fig. 5. Specific anti-AS IgM production in vaccinated fish after antigen re-exposure. (A) Representative 

images of ELISpot wells for different fish included in the assay. Sole leukocytes (200.000/well) from naïve 

or immunized fish were incubated on pre-coated AS protein extract plates for 3 days. Cells were washed 

off, and wells immunostained with CETGA-111 mAb and anti-mouse-HRP antibodies prior to spot-forming 

cells (SFCs) count. (B) ELISA analysis of specific anti-AS IgM titers in the serum of the fish used for 

ELISpot. * denotes p<0.001. (C) Dot blot analysis of anti-AS specificity in the serum of fish from 

experimental groups. Photobacterium damselae (PHD) samples were included to test the specificity of the 

reaction, and anti-P. damselae mAb was used as a positive control (lane 9). (D-E) Mean SFCs counts in the 

spleen and kidney of fish from groups with different antigen exposure or re-exposure times, analyzed by 

ELISpot. n=4. 

Whole and particulate vaccines protect against 

challenge at short-term after vaccination

Both vaccines conferred significant protection compared to the non-vaccinated control 

at 1 month after immunization, which included activation of pro-inflammatory genes, 

cell mobilization to the injection site, and generation of specific antibodies. The 

formulation containing whole bacteria (STV-W) showed a better RPS, 48% compared 

to 34% for the particulated bacteria. However, when the challenge was performed at 3 

months post-vaccination, no protection was observed with either vaccine, indicating 

that these formulations provided short-term protection, Fig. 4.

anti-sole IgM mAbs obtention and characterization

 We have generated two mAbs against sole IgM (CETGA-110 and CETGA-111) for 

use in various immunoassays, including ELISA, WB, immunofluorescence, and flow 

cytometry. Immunofluorescence images and flow cytometric analysis of cells 

labelled with these mAbs revealed a characteristic B cell profile, consistent with B 

lymphocyte descriptions from other fish species (7). Fig. 2.

Fig. 2. Characterization of the anti-sole IgM mAbs. (A) Flow cytometry density plots of tissue leukocytes. 

Total cell populations were initially gated by SSC-A/FSC-A. Leukocytes were further gated based on FSC-

H/FSC-A to exclude doublets and subsequently divided into IgM+ and IgM- subsets using FSC-A/FITC-A 

plots. Cells were stained with CETGA-111 mAbs (1 µg mL-1), followed by detection with an anti-mouse IgG 

antibody conjugated to FITC. (B) Confocal microscopy images of spleen leukocytes immunostained with 

CETGA-110, detected using anti-mouse IgG-FITC (green). Nuclei were counterstained with DAPI (blue).
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Conclusions

Standard vaccines formulated with the bacterin of AS provides moderate short-term protection in sole, however this protection does not persist beyond three months without a booster. 

The development of novel mAbs against sole IgM enabled detailed characterization of B cell responses, including detection of long-term immunological recall. 

Notably, a booster administered to previously vaccinated and surviving fish ten months post-challenge led to an activation of antigen-specific ASCs and a more rapid production of specific antibodies 

compared to fish receiving the vaccine for the first time, indicating that sole is capable of mounting a secondary immune response upon re-exposure. 
 These findings are part of the paper: Cabaleiro et al. 2025, doi.org/10.1093/jimmun/vkaf159.
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