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Although initially described as an immune-privileged site, the central nervous

system (CNS) is now known to harbor a resident immune system, composed of

different innate and adaptive cell types that maintain tissue homeostasis, are

regulated in pathological conditions or brain injury and are in connection with

the peripheral immune system. However, information regarding a characterization

of the B cell subsets colonizing the CNS or their precise role is very scarce in

mammals and even more in fish. Teleost fish exclusively express IgM, IgD and the

teleost-specific IgT and their expression patterns in B cells define diverse B cell

subsets. IgM is the main Ig isotype in systemic responses, while previous evidence

suggested amucosally dedicated role for IgT. Recent work by our group and others,

also pointed to a role for IgD in maintaining mucosal homeostasis. However, in the

current study, we demonstrate through different techniques that IgD+ and IgT+

expressing B cells are predominant in the teleost CNS, albeit a very different

distribution. Additionally, B cell receptor (BCR) repertoire analysis pointed to both

populations as antigen-experienced. Further research is needed to fully elucidate

the specific roles of IgT and IgD in the teleost brain, but this discovery opens

exciting avenues for future investigations in the fields of immunology

and neuroscience.
KEYWORDS
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1 Introduction

For many years, the central nervous system (CNS) has been considered an immune-

privileged site, isolated from the peripheral immune system due to the lack of lymphatic vessels

and through the action of the blood brain barrier (BBB) (1). However, this definition has been

challenged in the last few years after the identification of a wide range of resident immune cells
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657738/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657738/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1657738&domain=pdf&date_stamp=2025-08-29
mailto:tafalla@inia.csic.es
https://doi.org/10.3389/fimmu.2025.1657738
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology


Vicente-Gil et al. 10.3389/fimmu.2025.1657738
throughout the mammalian CNS. These resident immune cells

include innate leukocyte populations such as natural killer (NK)

cells (2), dendritic cells (DCs) and granulocytes (3) and also cells of

the adaptive immune system such as T and B cells (3, 4). These studies

point to the CNS as an immune-competent site that maintains active

immune tolerance, performs tissue surveillance and establishes a bi-

directional relation with the peripheral immune system (5).

A very high percentage of immune cells within the cerebrospinal

fluid of healthy individuals correspond to T cells (6), and thus, the

regulation and functionality of T cells in the mammalian CNS in

homeostasis and pathogenic conditions has been the focus of many

studies in the past years (7, 8). Although present in small numbers in

the brain parenchyma in healthy individuals, T cells infiltrate the

CNS from the periphery in many pathogenic models (8), including

brain injury (9) or infections (5, 8). These recruited cells include both

CD4+ and CD8+ T cell subsets (10).

Although very rare in the brain parenchyma, B cells have been

reported in higher numbers in the CNS meninges and the

cerebrospinal fluid (CSF) (11). Remarkably, a recent study has

demonstrated that meningeal B cells originate from the skull bone

marrow, while on the other hand, blood-derived antigen-

experienced B cells continuously infiltrate the meninges with age

(12). Nonetheless, B cells increase in the brain parenchyma in

response to some infections such as human immunodeficiency virus

(HIV) (13) or in pathological conditions such as multiple sclerosis

(MS) (14, 15). In fact, a great number of studies have recently

addressed the role of B cells in MS, a chronic inflammatory

demyelinating disease of the CNS in humans, initially thought to

be exclusively mediated by brain T cells. Multiple studies have now

demonstrated that B cell presence and unbalance in the CNS are

responsible for the local inflammation and in great part for the

pathogenesis of the disease (14, 15). Interestingly, the detection of

certain specific IgG antibodies in the CNS (which are not detected

in blood) is one of the most consistent diagnostic features in MS

(16). These B cells detected throughout the CNS of MS patients are

mostly activated cells, including memory B cells, plasmablasts and

plasma cells that produce either IgM or IgG (17). Interestingly, IgA,

which is mainly produced in mammalian mucosal surfaces has been

shown to act as a mediator between the brain and the gut during MS

(18). Hence, these IgA-secreting plasma cells that recognize

commensal antigens and that have been instructed in the gut,

have been shown to travel to the CNS during MS (18).

Additionally, IgA+ plasma cells educated in the gut have been

shown to colonize the meninges to defend the brain also in

homeostasis both in humans and mice (19). In the later,

disturbance of the intestinal barrier by induced mucosal

inflammation provokes a significant increase in the number of

meningeal IgM and IgA-secreting plasmablasts (19).

To date, there is scarce knowledge regarding the immune

response of the brain and the immune elements that are contained

within the CNS in teleost fish species. Most of the studies performed

up to this moment have mainly used immunohistochemical and

transcriptional techniques to study the response to pathogens known

to enter the CNS. For example, viral nervous necrosis virus (VNNV)

is one of these fish pathogens with a strong tropism for the brain in
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species such as seabream (Sparus aurata) and sea bass (Dicentrarchus

labrax) (20). Therefore, a few studies have investigated the immune

response of the brain to this virus in these species, studying how

immune genes were regulated (21) or how the pathogen was

distributed (22). Recently, the presence of T cells in the sea bass

brain parenchyma was demonstrated through different techniques

including immunohistochemistry, electron microscopy and flow

cytometry, suggesting a higher infiltrating capacity of fish T cells

(23). These T cells seemed to correspond to both CD4+ and CD8+

cells, as revealed by transcriptomic analysis (23). Interestingly, in

response to VNNV infection, T cells in the CNS of sea bass

dramatically increased (23). Similarly, there is very little

information regarding B cell populations in the teleost CNS.

Transcriptional analyses have determined the up-regulation of IgM

in the brain in response to nodavirus in sea bass (21), seabream (24)

and Atlantic cod (Gadus morhua) (25). In seabream, an infiltration of

IgM+ B cells in the brain in response to the virus was also

demonstrated by immunohistochemistry (24). Similarly, IgM

mRNA and protein levels were shown to increase in Patagonian

blennie (Eleginops maclovinus) after Francisella noatunensis

infection (26).

In addition to IgM, teleost fish express two other Ig isotypes,

namely IgD and IgT, while lacking switched Ig isotypes present in

mammals such as IgA, IgE or IgG (27). IgD in fish, as in mammals,

is co-expressed on the cell surface of mature naïve B cells (28, 29).

Upon antigen encounter, these B cells which have a high infiltrating

capacity and are known to be one of the early responders to

inflammation in fish, start a differentiation process towards IgM-

secreting plasmablasts and eventually plasma cells, responsible for

the secretion of high amounts of IgM, in a process in which they

lose surface IgD (29). Additionally, cells exclusively expressing IgD

(IgD+IgM- B cells) have been identified in the blood of catfish (30)

and in rainbow trout, mainly in mucosal surfaces such as gills, skin

or intestine (31–33). These cells have a transcriptional profile of

plasma-like cells (33) and they secrete IgD which can interact with

the microbiota (32). Although the functionality of these cells and

that of secreted IgD are still not well understood in fish nor

mammals (34, 35), these IgD-secreting plasma-like cells have

been proposed to play a role in mucosal homeostasis (32).

IgT is an Ig isotype only found in most (but not all) teleost fish

species (27). Interestingly, in fish, V gene rearrangement to D and J

regions within the IgH loci occurs independently for IgM/D and

IgT, as each of these IgH genes is preceded by isotype-specific D and

J gene segments (27). Therefore, VDJ recombination in fish results

in the generation of a distinct B cell lineage expressing IgT, which is

apparently independent of the IgM/D lineage. Because IgT cells

were more abundant in mucosal surfaces than in systemic

compartments and IgT responses were predominant in response

to some mucosal parasites (36–38), IgT was initially considered a

mucosally-dedicated Ig. However, this categorization does not seem

so strict nowadays, since systemic IgT responses (39, 40) and

mucosal responses that do not involve the up-regulation of IgT

(41, 42) have also been revealed.

In this context, in the current study, we have investigated the B

cell populations present in the teleost brain in homeostasis using
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adult rainbow trout (Oncorhunchus mykiss) as a model. For this, we

have first investigated the distribution of IgM, IgD and IgT by

immunohistochemistry in different sections of the rainbow trout

CNS. Additionally, we have optimized a protocol to isolate

leukocytes from the brain and study the different B cell subsets by

flow cytometry and confocal microscopy, comparing them with

blood B cells. Finally, we have carried out a repertoire analysis by

next generation sequencing (NGS) to decipher how the variable

regions (VH) of IgM, IgD and IgT heavy chains are distributed in

this organ. Our work reveals a predominant presence of IgT+ and

IgD+ B cell populations that follow distinct distributions within the

teleost CNS implying different functionalities. This work constitutes

the first description of B cell populations in the teleost brain that

suggests previously unrecognized roles for these two still faintly

characterized Igs. The results shown challenge existing dogmas

about Ig distribution in fish and provide new insights into

brain immunity.
2 Methods

2.1 Fish

Rainbow trout (O. mykiss) with a mean body weight of

approximately 100 g were obtained from the Cifuentes fish farm

(Cifuentes, Guadalajara, Spain). Fish were maintained at the animal

facilities of the Animal Health Research Centre (CISA-INIA-CSIC)

in an aerated recirculating system at 15°C, with a photoperiod of

12:12 h light/dark. Fish were fed once a day with a commercial diet

(Skretting, Norway) and acclimatized to laboratory conditions for at

least two weeks prior to sampling. During this period, no mortalities

were experienced and no pathological signs were ever observed.

Ammonia and nitrite levels were measured daily and maintained

below 0.025 and 0.3 mg/l, respectively.
2.2 Immunohistochemistry

Fish were sacrificed by benzocaine (Sigma) overdose using a

water bath with approximately 150 ppm of the anaesthetic following

the recommendations of Zahl et al. (43) and the CNS including the

hypothalamus and the pituitary carefully dissected. Rainbow trout

brains were fixed in Bouin solution for 24 h at room temperature

(RT) and then embedded in paraffin. Subsequently, 3.5 mm-thick

tissue sections were mounted on Superfrost Plus slides

(MenzelGläser). Endogenous peroxidase was quenched with

Bloxall blocking solution (Palex) and antigens retrieved by

heating in Tris–EDTA buffer (10 mM Tris base, 1 mM EDTA,

pH 9) in a microwave oven for 5 min at 800W and another 5 min at

450 W. Thereafter, non-specific binding was blocked with 5%

bovine serum albumin (BSA) in Tris-buffered saline (TBS). Brain

slides were then incubated with the different specific monoclonal

antibodies (mAbs) against rainbow trout Igs. All these mAbs had

been previously characterized and used for immunohistochemistry

(44, 45). Anti-IgM was diluted 1:500, anti-trout IgT was diluted 1:50
Frontiers in Immunology 03
and anti-trout IgD was used at 15 µg/ml, all in blocking solution

(TBS with 5% BSA). The incubation with anti-trout IgM and anti-

trout IgD was performed for 1 h at RT, whereas in the case of anti-

trout IgT, the incubation was performed overnight (ON) at 4°C. In

all cases, after the incubation, slides were washed and a secondary

anti-mouse IgG mAb conjugated with horseradish peroxidase

added. After repeated washing, the slides were incubated with

IMPRESS KIT VR anti-mouse IgG (Palex). The specificity of the

reactions was determined by omitting the primary antibodies.

Sections were counterstained with Gill´s hematoxylin, dehydrated

and mounted in DPX (di-N-butyl-phthalate in xylene). Images were

acquired with a Leica DFC320 digital camera connected to a Leica

DM LS optic microscope.
2.3 Leukocyte isolation

Fish were euthanized by benzocaine overdose and blood was

extracted (approximately 1 ml) with a heparinized needle from the

caudal vein and diluted 40 times with Leibovitz medium (L-15, Life

Technologies) supplemented with 100 IU/ml penicillin, 100 mg/ml

streptomycin (P/S), 10 units/ml heparin and 5% fetal calf serum

(FCS) (all supplements also obtained from Life Technologies).

Blood suspensions were layered onto 51% Percoll cushions and

centrifuged at 400 x g for 30 min at 4°C, without brake. Leukocytes

were collected from the interface and washed in L-15 containing P/S

and 5% FCS. Brains were then sampled, after blood extraction, to

avoid the contamination of samples with blood leukocytes. The

tissues were then transferred into a tube containing L-15

supplemented with P/S, 2% FCS and 10 U/ml heparin, and cell

suspensions were then obtained by pressing samples through a 100

mm nylon cell strainer (BD Biosciences). Cell suspensions were

placed onto 30/51% discontinuous Percoll (GE Healthcare) density

gradients and centrifuged at 400 x g for 30 min at 4°C, without

brake. Cells at the interface, corresponding to leukocytes, were

collected and washed in L-15 containing P/S and 5% FCS. In all

cases, counting and cell viability were determined by trypan blue

(Sigma) exclusion, mixing the 0.4% trypan blue solution with the

cells at a 1:1 ratio.
2.4 Confocal microscopy

Brain and blood leukocytes isolated as described above were

seeded on a poly-L-lysine (0.01% solution, Sigma-Aldrich)-coated

slide and incubated at RT for 1 h in a humidified chamber. The cell

samples were then fixed in 4% paraformaldehyde solution for 30

min at RT and subsequently incubated at RT for 1 h with blocking

solution (TBS with 5% BSA and 0.5% saponin) in a humidified

chamber. Unless otherwise specified, all the following incubation

steps were performed for 1 h at RT in a humidified chamber. After

the blocking step, samples were incubated with specific mouse

mAbs recognizing the different Igs. Hence, samples were

incubated individually with anti-trout IgM coupled to FITC

(17 µg/ml), anti-trout IgD coupled to APC (50 mg/ml) or anti-
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trout IgT diluted 1:100 in blocking buffer. In the case of IgT, cells

were subsequently stained with the secondary antibody anti-mouse

IgG1 coupled to Alexa Fluor 488 (20 µg/ml). Samples incubated

only with secondary anti-mouse IgG1 coupled to Alexa Fluor 488

and FITC or APC-conjugated mouse IgG1 isotypes were also

included at the same concentrations (20, 17 and 50 mg/ml

respectively) to confirm the specificity of the antibody signals. On

the other hand, a double immunofluorescent detection of IgD and

IgM was also performed. For this, the antibodies anti-trout IgM

coupled to FITC (17 mg/ml) and anti-trout IgD coupled to APC (50

mg/ml) were used simultaneously on the cell samples. All the

samples were counterstained with 1 mg/ml of DAPI (Sigma-

Aldrich) for 10 min at RT, then rinsed with PBS 1x and mounted

with Fluoromount (Sigma-Aldrich) for microscopy. Laser scanning

confocal microscopy images were acquired with an inverted Zeiss

Axiovert LSM 880 microscope with Zeiss Zen software. Tissue

images were processed with Zeiss Zen and Adobe Photoshop CS6

software packages.
2.5 Flow cytometry

Brain and blood leukocytes isolated were also analyzed by flow

cytometry. For this, cells were stained with anti-trout IgM [1.14

mAb mouse IgG1 coupled to R-phycoerythrin (R-PE); 0.25 mg/ml]

(46) and anti-trout IgD [mAb mouse IgG1 coupled to

allophycocyanin (APC); 5 mg/ml] (47) diluted in staining buffer

(phenol red-free L-15 medium supplemented with 2% FCS) for 1 h

in darkness at 4°C. Both antibodies were fluorescently labelled using

R-PE or APC Lightning-Link labelling kits (Innova Biosciences)

following the manufacturer’s instructions. Cells were also incubated

in parallel with R-PE or APC-conjugated mouse IgG1 isotypes

(clone MOPC-21, Biolegend) to confirm the specificity of the mAbs

used. After staining, cells were washed twice in staining buffer and

resuspended in staining buffer for their analysis in BD FACS Celesta

with BD FACSDiva software (BD Biosciences). Doublets and dead

cells were excluded from the flow cytometry analysis following the

gating strategy described in Supplementary Figure S4. The data

obtained was analyzed using the FlowJo® v.10 software (FlowJo

LLC, Tree Star). In all cases, cell viability was checked using 4-,6-

diamine-20-phenylindole dihydrochlorid (DAPI) at 0.2 mg/ml.
2.6 ELISA

Brain and blood leukocytes (5x104 cells) were seeded in 96-well

plates and cultured for 48 h at 20°C in L-15 supplemented with P/S

and 5% FCS. After this time, supernatants were collected to evaluate

the concentration of IgM and IgD on the culture supernatants by

ELISA. For this, 96 well-ELISA plates were coated overnight (ON)

at 4°C with 100 ml of a mixture of anti-light chain (IgL) mAbs (2A1,

2H9, 2D12, 1B4, 3E4 and 1A6) (5 mg/ml) (48, 49) for detection of

secreted IgD, or with 100 ml of anti-trout IgM (clone 1.14) (2 µg/ml)

for detection of secreted IgM. In both cases, antibodies were diluted

in 0.05 M carbonate buffer pH 9.7. Thereafter, three washing steps
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(Sigma-Aldrich) and non-specific binding sites were blocked with

PBS containing 5% BSA for 1 h at RT. After three additional

washing steps with PBS-T, 100 ml of the culture supernatants,

diluted 1:2 in PBS supplemented with 1% BSA, were added to the

wells and incubated for 1 h at RT. At this point, plates were washed

with PBS-T and 100 µl of biotinylated anti-trout IgD or anti-trout

IgM mAb added to the wells at a final concentration of 1 µg/ml in

PBS with 1% BSA. Plates were then incubated for 1 h at RT. After

three washing steps with PBS-T, the wells were incubated with

100 ml of Streptavidin-HRP (Thermo Fisher Scientific) at 100 ng/ml

in PBS with 1% BSA for 1 h at RT. After another three washes,

100 ml of OPD (O-phenylenediamine Dihydrochloride) (Sigma)

were added (1 mg/ml). The reaction was stopped by adding 50 ml of
2.5 M H2SO4 and absorbance at 490 nm measured in a FLUO Star

Omega Microplate Reader (BMG Labtech). Positive and negative

controls were included in all cases.
2.7 Western blot

Brain and blood leukocytes (5x104 cells) were cultured for 48 h

as described above. After this time, supernatants were collected to

evaluate the concentration of secreted IgT byWestern blot. For that,

supernatants were mixed 1:2 with 2x loading buffer [10% glycerol,

10% 2-mercaptoethanol, 100 mM dithiothreitol (DTT), 4% SDS,

0.05% bromophenol blue and 0.125 M Tris] and heated at 90°C for

5 min. Proteins were then resolved by SDS-PAGE on a 15%

acrylamide gel containing 6 M of urea. Secreted IgT was detected

after electrotransfer to a 0.2 µm nitrocellulose membrane and

incubation with the specific anti- IgT mAb (1:1000) ON at 4°C

with continuous agitation. Thereafter, a secondary goat anti-mouse

IgG-HRP (GE Healthcare) was added (1:5000) and incubated for 1

h at RT with continuous agitation. Visualization was carried out

with a ChemiDoc XRS Gel Imagin System (Bio-Rad) and analyzed

with the Image Lab Software (Bio-Rad).
2.8 Ig repertoire analysis

For the repertoire analysis total RNA was extracted from brain

samples using TRI Reagent solution following the manufacturer´s

instructions.An IgM, IgDand IgTrepertoire analysiswasperformed in

6brain samples. In all cases,RNA integritywasdeterminedwitha 2100

bioanalyzer using the Eukaryote Total RNA Nano assay (Agilent).

Library construction was carried out using a custom protocol as

follows. The cDNA synthesis from each sample was performed using

600 ng of total RNA in a reaction including an oligodT primer

(Supplementary Table S1) and a template switch oligo (TSO)

which included a unique molecular identifier (UMI) (Supplementary

Table S1) that hybridizes to untemplated C nucleotides added by the

reverse transcriptase during reverse transcription. The reaction was

performed with SMARTScribe Reverse Transcriptase (Takara Bio) at

42°C for 90 minutes followed by incubation with 1 µl of uracil DNA

glycosylase (5 U/µl, New England Biolabs) at 37°C for 40 min.
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The resultant cDNA was purified using NucleoSpin Gel and PCR

Clean-up (Macherey-Nagel) at an elution volume of 20 µl. Target

enrichmentof5’-end fromIgM, IgDandIgTencoding transcriptswere

performed in two rounds of PCR followed by a third PCR for dual-

indexationofPCRproducts, using inall reactions theQ5High-Fidelity

DNA Polymerase (New England Biolabs). The first PCR was

performed with 1 µl of purified cDNA as template, the primer

“Target_Enrichment_FW1” (Supplementary Table S1) partially

complementary to a region of TSO sequence, and as reverse the

primers R1 of each IgH “IgX_R1” (Supplementary Table S1), located

in the constant region of the corresponding IgH, at a final

concentration of 0.2 µM each. The PCR program was performed for

17 cycles (95°C for 10 s, 60°C for 20 s, and 72°C for 40 s) in a final

volume reaction of 25 µl. PCR products were purified using

NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) at an elution

volume of 25 µl. A second PCR was performed with 1 µl of purified

PCR product as template, the primer “Target_Enrichment_FW2”

(Supplementary Table S1) partial ly complementary to

Target_Enrichment_FW1, and as reverse the primers R2 of each

IgH “IgX_R2” located inner in the constant region of the

corresponding IgH which include an additional tail corresponding

with first part of P7 Illumina adaptor (Supplementary Table S1), both

primers at a final concentration 0.2 µM. The PCR program was

performed for 13 cycles (95°C for 10 s, 60°C for 20 s, and 72°C for

40 s) in afinal volumereactionof25µl. PCRproductwaspurifiedusing

NucleoSpin Gel and PCR Clean-up (Macherey-Nagel) at an elution

volume of 25 µl. Finally, 1 µl of purified products from second PCR

followed to a PCR round for indexing by which two different 8 nt

sample-specific index, one in both side of amplicons, were

incorporated together with the final region of P5 And P7 Illumina

adaptors (Supplementary Table S1). PCR were performed with

sample-specific primers (final concentration 0.2 µM each) in a final

volume reaction of 25 µl. The PCR program was performed for

10 cycles (95°C for 30 s, 54°C for 30 s, and 72°C for 40 s). The PCR

results were visualized in a 1.4% agarose gel to corroborate the positive

results and the correct size of amplicons. Then, equal volume (10 µl)

of PCR product from each sample was mixed together following

with two steps of purification; the first one using NucleoSpin Gel

andPCRClean-up (Macherey-Nagel)withNTIbuffer diluted 1/3 at an

elution volume of 25 µl. This purified product was cleaned and size

selected by using SPRIselect beads (Beckman Coulter) at a

concentration of 0.6x. At this stage, the ready-to-sequencing library

was checked using a tapestation with DNA 1,000 kit (Agilent),

quantified with the Qubit ™ dsDNA HS Assay Kit (Invitrogen, Life

Technologies) and sequencedwithNextSeq™ 1000/2000 P1 Reagents

(600 cycles) in a NextSeq1000 instrument (Illumina) with protocol

308:8:8:308 cycles and 30% of Phix.

Raw data consensus paired reads were merged using the PEAR

software (50), with a minimum overlap size of 10 nt. These merged

reads were demultiplexed using the FASTX-Barcode-Splitter tool

from FASTX-Toolkit, allowing up to 5 mismatches and a partial

overlap of 3. The first 20 nt from reverse primer used in the PCRs

were used as barcodes for the identification of 3’ ends

corresponding to the constant gene of each Ig. Then, all reads

were grouped by their UMI sequences thanks to the MIGEC
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software (51). This tool also assembles the resulting grouped

reads into unique sequences using only the first read as template

and the collision filter on. UMI groups with less than 5 reads were

discarded. As both IgM and IgD sequences shared the primer R2,

absence of cross-assignment was checked using the UMI barcode.

Finally, the assembled sequences were trimmed 14 nt at the

beginning and 20 nt at the end to remove lower quality regions.

The IgH sequences obtained were compared with the available

information from Oncorhynchus mykiss contained in the

international ImMunoGeneTics information system database (52)

using the IMGT/HighV-QUEST tool v1.9.5 (53).
2.9 Statistical analysis

All data were analyzed and handled with GraphPad Software

(GraphPad Prism v8.0.1, La Jolla California, USA). Prior to analysis,

data were checked for normality using the Saphiro-Wilk test. An

unpaired or paired two-tailed Student´s t-test was used in case of

normally distributed data, whereas non-normal data was tested

with the non-parametric Wilcoxon matched-pairs signed-rank test

or the non-parametric Mann-Whitney test for unpaired data. To

check the distribution of the CDR3 spectratyping, a Shapiro-Wilk

test was performed. Data were presented as mean + SEM, and

significance between means was stablished at p ≤ 0.05.
3 Results

3.1 Overview of Ig reactivity throughout
the rainbow trout brain

As in other vertebrates, the teleost brain is subdivided into five

regions along the rostro-caudal and dorso-ventral axes: the

telencephalon (Tel), the optic tectum (OT), the rest of the

Forebrain/Midbrain (rForeMid; which includes the inferior lobe),

the cerebellum (Cb) and the rest of the Hindbrain (rHind) (54).

Hence, we investigated Ig reactivity throughout Tel, OT and Cb

frontal sections in rainbow trout by immunohistochemistry. The

Tel was the brain region with the lowest positivity for all three Igs

(IgM, IgD, and IgT), showing only a few positive cells located inside

small blood vessels (Figure 1a).

The OT is the largest region in the brain; consequently, we

analyzed three different frontal sections corresponding to the

anterior (b), medium (c) and posterior (d) OT to account for

potential rostro-caudal heterogeneity. Across all OT areas, IgM

reactivity was mainly found inside blood vessels (Figure 1,

Supplementary Figure S1), whereas IgD and IgT exhibited

significantly higher overall reactivity (Figures 1b-d). IgT+ cells

were the dominant B cell population broadly distributed

throughout the parenchyma, in both anterior (Figure 1b) and

medium (Figure 1c) OT, along with high overall IgT reactivity

suggesting some secreted IgT in these regions. Conversely, IgD+

cells were observed at significantly lower rates compared to IgT+

counterparts (Figures 1b-d). We also studied two different frontal
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sections of the Cb, corresponding to the most anterior (e) and

posterior (f) sections. Within these sections, different Cb areas could

be identified. In the upper part (Figure 1e), a molecular layer (ML)

and a granular layer (GrL) were differentiated, whereas the bottom
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part (Figure 1f) was characterized by the presence of the rHind. In

all these areas, IgM reactivity was consistently low, with positivity

mostly confined to blood vessels (Figures 1e, f, Supplementary

Figure S1). In contrast, both IgD+ and IgT+ cells were clearly
FIGURE 1

Distribution of B cell subsets throughout the rainbow trout brain. Rainbow trout brains were sampled and processed as described in the Material and
Methods section for immunohistochemical analysis. A drawing of the rainbow trout brain indicating the location of the multiple areas analyzed is
included (top) along with drawings of frontal views of the brain (left) corresponding to telencephalon (TEL) (a), optic tectum (OT) (b–d) and
cerebellum (Cb) (e, f). The hindbrain (rHind) is clearly visualized in the lower part of the Cb sections (f). Specific staining with anti-trout IgM, anti-
trout IgD and anti-trout IgT mAbs, as well as isotype controls, are shown. (*) Blood vessels, molecular layer (ML), granular layer (GrL). Representative
images from one fish are shown out of a total of 3 independent fish analyzed. Scale bars: 200 µm.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vicente-Gil et al. 10.3389/fimmu.2025.1657738
identified within the cerebellar and the rHind parenchyma, with a

pronounced predominance of IgD reactivity, reversing the OT’s

IgT-dominant pattern (Figures 1e, f).
3.2 IgD reactivity in the rainbow trout optic
tectum

Given that B cells were mostly absent from the Tel brain area,

we focused on studying in more detail the distribution of these cells

in the OT and Cb. As mentioned above, some IgD reactivity was

observed throughout the different sections of the OT, albeit at

different frequencies (Figures 2b–d). Notably, IgD+ B cells were

scarcely present in the anterior OT (Figure 2b), with only some IgD

reactivity within the torus longitudinalis (TL) and the meninx,

moderately abundant in the middle section (Figure 2c) and densely

distributed in the most caudal region (Figure 2d). Especially in this

caudal region, IgD+ B cells were clearly identified in the OT

parenchyma as well as in the outermost layer of the OT, near the

meninx, forming a barrier-like structure (Figure 2d). In the most

posterior sections, IgD+ B cells were also clearly identified within

the periventricular gray zone (PGZ) that englobes the tectal

ventricle (TeV) (Figure 2c).
3.3 IgD reactivity in the rainbow trout
cerebellum

In the Cb, IgD+ B cells were analyzed across two different

sections, an anterior and a more posterior section (Figure 3,

Supplementary Figure S2, respectively). As mentioned above,

within both sections, in the upper part, the ML and GrL were

differentiated, whereas the bottom part of the sections corresponded

to the rHind. In the most anterior section, IgD reactivity was clear

in the meninx, with high amount of IgD+ B cells forming an

external layer (Figure 3, upper panel). Although only a few IgD+

B cells were identified in the ML, there was an overall background

staining in this area that suggested the presence of secreted IgD in

the extracellular space (Figure 3, upper panel). In contrast,

numerous IgD+ B cells were identified in the GrL, often in

organized clusters in which IgD+ B cells surrounded other IgD- B

cells (Figure 3, upper panel). Interestingly, this cluster organization

pattern was also observed in the bottom area of the Cb, where

IgD+ cells appeared organized in a clusters in the crista cerebellaris

(CC) (Figure 3, bottom panel). Additionally, IgD+ cells forming a

barrier were also visualized in the rHind, surrounding the

rhomboencephalic ventricle (RV) (Figure 3, bottom panel).

Less overall IgD positivity was observed in the more posterior

section of the Cb analyzed (Supplementary Figure S2). In this cases,

most of the IgD+ cells identified were found in the meninx forming

a clear barrier that was more evident in the lower areas

(Supplementary Figure S2). Additionally, some scattered IgD+

cells were visualized in the rHind parenchyma (Supplementary

Figure S2, bottom panel).
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3.4 IgT reactivity in the rainbow trout optic
tectum

In the rainbow trout OT, IgT was the more predominant Ig

expressed. Beyond IgT+ B cells, we observed extensive tissue-wide

reactivity, especially in anterior and middle OT (Figures 4b, c). This

intense staining pattern suggests IgT secretion into the extracellular

spaces. In these most anterior regions of the OT, a high number of

IgT+ B cells were distributed along the parenchyma (Figures 4b, c),

but also associated to the meninx (Figure 4b). Notably, as described

before for the IgD+ B cell population in the Cb, the population of

IgT+ B cells identified in the external part of the meninx formed a

dense barrier-like structure, as clearly visualized in (Figure 4b). In

these anterior OT sections, IgT+ B cells were also identified in the

most internal layers of the OT (Figure 4c), namely in the PGZ

surrounding the TeV. In the posterior OT, the abundance of IgT+ B

cells in the parenchyma decreased, whereas still some small groups

of cells were found in the PGZ (Figure 4d).
3.5 IgT reactivity in the rainbow trout
cerebellum

The overall IgT reactivity of the Cb was much lower than that of

the OT (Figure 5), suggesting a lower amount of extracellular IgT in

this tissue. Nonetheless, still numerous groups of IgT+ B cells could

be clearly identified in the anterior part of Cb within both the GrL

and the ML (Figure 5, upper panel). Some IgT+ cells were also found

in the meninx layer, but in this case, their presence was more

discontinuous than that observed in the OT (Figure 5, upper panel).

In the bottom part of this anterior section of the Cb, high numbers

of IgT+ B cells were distributed along the rHind parenchyma

(Figure 5, bottom panel). When a more posterior section of the

Cb was analyzed, a similar distribution of the IgT reactivity was

observed in the rHind (Supplementary Figure S3).
3.6 Phenotypic analysis of B cells isolated
from the rainbow trout brain

To further investigate the phenotype of the B cells present in the

rainbow trout brain, we performed an isolation of leukocyte

populations by means of Percoll gradients. For this, complete

brains, including all areas analyzed by immunohistochemistry,

were dissected and used in the isolation procedure. The fish

sampled were previously thoroughly bled (to reduce to a

minimum blood contamination in brain samples). Within these

total brain leukocyte populations, we could clearly identify B cells

expressing the three different rainbow trout Ig isotypes by confocal

microscopy (Figure 6A). In these cultures, IgD+ B cells were more

abundant, followed by IgT+ B cells and lastly by IgM+ B cells

(Figure 6A). These total brain leukocyte populations were also used

to perform an analysis by flow cytometry, staining the cells with

mAbs specific for IgM and IgD and using the gating strategy
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described in Supplementary Figure S4. In contrast to what occurs in

blood, where most B cells expressing IgM co-express IgD on the cell

surface (and are thus IgM+IgD+ B cells) (28), IgM+ B cells in the

brain do not co-express IgD and are therefore IgM+IgD- cells, such

as those found in trout mucosal surfaces (33) (Figures 6B, C). In

addition to these cells, brain leukocyte cultures contained a large

population of cells exclusively expressing IgD on the cell surface
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(IgD+IgM- B cells) (Figures 6B, C). This B cell subset accounted for

up to 28% of all leukocytes in some fish, while it was barely present

in systemic compartments, including blood (Figure 6B). The

presence and prevalence of these different B cell subsets based on

IgM and IgD surface expression was also confirmed by performing

a double staining and examining the cells under the microscope.

Through confocal microscopy, we could again confirm that
FIGURE 2

IgD+ B cells within the optic tectum. Rainbow trout brains were analyzed for immunohistochemical analysis of anterior (b), medium (c) and posterior
(d) regions of rainbow trout OT, using a specific anti-trout IgD mAb. Each panel displays representative images (left) of the different areas analyzed,
with black squares indicating the areas shown at higher magnification (right). Arrowheads indicate IgD+ B cells. Isotype controls were included in all
cases (not shown). A drawing of a rainbow trout brain indicating the location of the different areas examined is shown (top), along with drawings for
each OT frontal view analyzed (left). (*) Blood vessels, primitive meninx (M), tectal ventricle (TeV), torus longitudinalis (TL), periventricular gray zone
(PGZ), rest of the ForeMidbrain (rForeMid). Representative images from one fish are shown out of a total of 3 independent fish analyzed. Scale bars:
200 µm (left images) and 50 µm (right images) are indicated.
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IgD+IgM- B cells were the most frequent B cell population within

the IgM/D lineage in the rainbow trout brain (Supplementary

Figure S5). We could not carry out a flow cytometry analysis of

IgT+ B cells because the anti-IgT mAb we have available in our

laboratory does not work in flow cytometry.

Cells that exclusively express IgM or IgD on the cell membrane

are usually B cells that have started a differentiation program
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towards Ig-secreting cells, namely plasmablasts and eventually

plasma cells (33). Hence, to investigate the Ig-secreting capacity

of the brain B cell subsets, we cultured total brain leukocytes for 48

h and then collected the supernatants to determine the presence of

secreted IgM or IgD by ELISA and of IgT throughWestern blot. We

compared the results obtained to those obtained in supernatants

derived from blood leukocyte cultures from the same fish. As
FIGURE 3

IgD+ B cells are mostly found in the cerebellum. Rainbow trout brains were analyzed for immunohistochemical analysis of the medium area of
cerebellum (Cb) using a specific anti-trout IgD mAb. Each panel shows representative images of the different areas analyzed within the Cb section
(left) with black squares indicating the areas shown at higher magnification (right). Arrowheads indicate IgD+ B cells. Isotypes controls were included
in all cases (not shown). A drawing of a rainbow trout brain indicating the location of the section analyzed is included (top) along with drawings of
the frontal views of each zone within analyzed Cb section. Molecular layer (ML), granular layer (GrL), rhomboencephalic ventricle (RV), rest of the
hindbrain (rHind), crista cerebellaris (CC). Representative images from one fish are shown out of a total of 3 independent fish analyzed. Scale bars:
200 µm (left images) and 50 µm (right images) are indicated.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vicente-Gil et al. 10.3389/fimmu.2025.1657738
observed in Figure 6D, the amount of secreted IgD observed in

cultures from brain leukocytes was significantly higher than that of

blood leukocytes. On the contrary, the amount of secreted IgM

detected in brain leukocyte cultures was significantly lower than
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that detected on supernatants from blood leukocytes (Figure 6E). In

the case of IgT, again the amount of secreted IgT observed in brain

leukocyte cultures was significantly higher than that of blood

leukocyte cultures (Figure 6F).
FIGURE 4

IgT+ B cells are abundant in the rainbow trout optic tectum. Rainbow trout brains were analyzed for immunohistochemical analysis of anterior
(b), medium (c) and posterior (d) regions of rainbow trout optic tectum (OT), using a specific anti-trout IgT mAb. Each panel displays representative
images (left) of the different areas analyzed, with black squares indicating the areas shown at higher magnification (right). Arrowheads indicate IgT+ B
cells. Isotypes controls were included in all cases (not shown). A drawing of a rainbow trout brain indicating the location of the different OT areas
examined is included (top), along with drawings for each OT frontal view analyzed (left). Primitive meninx (M), tectal ventricle (TeV), ForeMidbrain
(rForeMid) and periventricular gray zone (PGZ). Representative images from one fish are shown out of a total of 3 independent fish analyzed. Scale
bars: 200 µm (left images) and 50 µm (right images) are indicated.
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3.7 VDJ rearrangement in heavy chains

To provide us with a better understanding of the B cell receptor

(BCR) diversity within the rainbow trout brain in homeostasis, we

performed a repertoire analysis of the different Ig heavy chains (IgH) in
Frontiers in Immunology 11
RNA samples obtained from the CNS. First, IgH sequences for each Ig

isotype were grouped into unique junction sequence types (JSTs),

described as a VHDJH rearrangement together with a specific CDR3

amino acid sequence (55). In contrast to what is observed by

immunohistochemistry or flow cytometry, the number of unique
FIGURE 5

IgT+ B cells are also present in rainbow trout cerebellum. Rainbow trout brains were analyzed for immunohistochemical analysis of the medium area
of cerebellum (Cb) using a specific anti-trout IgT mAb. Each panel shows representative images of the different areas analyzed within Cb section
(left) with black squares indicating the areas shown at higher magnification (right). Arrowheads indicate IgT+ B cells. Isotypes controls were included
in all cases (not shown). A drawing of a rainbow trout brain indicating the location of the analyzed area is included (top) along with drawings of the
frontal views of each zone within analyzed Cb section. Molecular layer (ML), granular layer (GrL), meninx (M), rest of the hindbrain (rHind). Scale bars:
200 µm (left images) and 50 µm (right images) are indicated. Representative images from one fish are shown out of a total of 3 independent fish
analyzed.
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FIGURE 6

Phenotypic characterization of IgD+ and IgT+ B cells isolated from the rainbow trout brain. Brain and blood leukocytes were isolated as described in
the Material and Methods section for a phenotypic characterization (A) Brain leukocytes were stained with specific mAbs for immunofluorescence
analysis under the confocal microscope. All brain cell samples were counterstained with DAPI (1 mg/ml). Visualization of brain IgM+, IgD+ and IgT+ B
cells are shown (left and middle panels) together with examples of each subset in digital magnification images (right panels). Scale bars: 20 mm (left
and middle) and 5 mm (right). (B) Blood and brain leukocytes were stained with specific anti-trout IgM and anti-trout IgD mAbs. Representative dot
plots show the percentages of IgM+ and IgD+ B cells in blood and brain leukocyte cultures isolated from a representative fish. (C) Graph shows the
mean percentages of brain IgM+IgD- and IgD+IgM- B cells subsets (mean + SEM, n = 9 independent fish). (D–F) Isolated brain and blood leukocytes
were cultured for 48 h at 20°C. After that time, supernatants were collected and the amount of secreted Igs were estimated by ELISA or Western
blot. (D, E) Levels of secreted IgD (D) and IgM (E) were estimated by ELISA. Graphs show the absorbance at 490 nm obtained in the supernatants
(n = 6 independent fish). (F) Secreted IgT (60 kDa) was estimated by Western blot. Statistical differences were evaluated by a paired two-tailed
Student’s t-test when data were normally distributed, whereas non-normally distributed data were analyzed with the non-parametric Wilcoxon
matched-pairs signed-rank test. Asterisks denote significant differences between different samples analysed (*p < 0.05).
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IgM sequences in the trout CNS significantly prevailed over the

number of IgD and IgT sequences (Figure 7A). For all three Igs, we

found sequences for which only one copy was obtained and also

sequences that were repeated in variable numbers (Figure 7B). It is

generally accepted that JSTs detected less than 3-5 times in a given

tissue correspond to non-expanded antigen-naive B cells whereas JSTs

detected more times reflect expanded antigen-experienced B cell

clones, including antibody-secreting cells (39). Although the

frequencies of expanded JSTs were similar for all three Igs, the

frequency of IgM sequences repeated more than 11 times was

slightly higher for IgM than for the other Igs (Figure 7B).

To gain additional insight into the molecular configuration of Igs

in the CNS, we dissected the heavy chain variable region (VHDJH)

family usage. Interestingly, in the CNS, the pattern of VH gene usage

was very similar for the three Igs. The three Ig isotypes preferentially

used IGHV1 or its duplicated gene IGHV1D, followed by IGHV11

(Figure 8A). IGHV6 was also frequently used by IgM and IgD (~

7.6% and 11.7%, respectively), but in this case, less used by IgT (~

4.4%) (Figure 8A). On the contrary, IgT used IGHV9 at higher levels

(~ 14%) than IgM and IgD (~ 6.8 and 8.5%) (Figure 8A).

In contrast, the pattern of D segment usage was more variable

between IgT and that of IgM and IgD in the rainbow trout brain. In

this case, IgM and IgD preferentially used IGHD1 followed by

IGHD2, IGHD3, IGHD3D, IGHD4 and IGHD5, being all D

segments close to the IgM/D constant regions (Figure 8B). IgT, on

the other hand, preferentially used D segments usually associated

with IgT such as IGHD1T1, IGHD1T2, IGHD2T1, IGHD2T1D,

IGHD2T2, IGHD2T2D, IGHD2T3D (Figure 8B). Surprisingly, some

of these D segments associated in the genome to IgT were also used to

a moderate extent by IgM and IgD at variable percentages (from 0.2

to 6.1%) (Figure 8B). The same occurred with IgM/D-associated D

genes which were mildly used by IgT (1.1 to 6.2%) (Figure 8B).

Notably, a high percentage of sequences from all three Igs lacked a D

segment (~ 8.8, 7.5 and 7.6 for IgM, IgD and IgT respectively).

A strong selection for defined JH segments were found for Ig

sequences in the brain. Hence, IgM and IgD used IGHJ3 at very

high percentages (~ 37.8% and 36.2% for IgM and IgD respectively),

followed by IGHJ2 (~ 27.1% and 27.7% for IgM and IgD

respectively). Other JH segments such as IGHJ1 and IGHJ6D were

used by these two Igs at lower percentages (Figure 8C). In contrast,

IgT sequences preferentially used IGHJ1T1 (~ 57.7%) followed by

IGHJ2T2 (~ 21.3%) and IGHJ1T2 (~ 15.2%) (Figure 8C).
3.8 Clonal selection across the different
heavy chains

To study the degree to which these B cells in the brain of non-

immunized fish had experienced clonal selection, we also undertook a

spectratyping analysis of the CDR3 regions of the different BCRs in

which the distribution of BCR lengths is analyzed to provide with an

indication of how BCR repertoire change (56). Hence, selections and

expansions of B cells expressing a specific BCR with a defined CDR3

sequence lead to the modification of the Gaussian-like CDR3 length

distribution that is found in physiological conditions (56). For each
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IgH, we first performed the analysis with all CDR3 sequences, not

taking into account the VH genes used. In this case, IgT CDR3 length

distributions seemed to be the ones that differed more from a normal

Gaussian-like distribution (Supplementary Figure S6). We then

performed the CDR3 spectratyping analysis focusing on CDR3

sequences that used a defined VH segment, namely IGHV1,

IGHV1D, IGHV9, and IGHV11, those mostly used in the brain. In

these analyses, it seemed more clear that IgM CDR3 length

distributions were much closer to normality than those of IgD and

IgT (Figure 9). For IgD, the highest selection seemed to occur when the

IGHV9 was used, whereas for IgT, this happened when either the

IGHV9 or the IGHV11 fragments were used (Figure 9). Important

differences were found among the individual fish, with some fish

having selected one or two CDR3 lengths for IgD or IgT (Figure 9).
4 Discussion

In the current study we have demonstrated through the use of

different techniques that IgD- and IgT-expressing B cells are

dominant over IgM-expressing cells in the rainbow trout brain,

with cells positive for both Igs having been clearly identified

throughout different regions of the CNS, both in association to

the meninx and other superficial areas, but also clearly embedded

within the brain parenchyma. Both IgT and IgD had been

previously associated with mucosal responses in teleosts (and

mammals in the case of IgD), but the data here presented suggest

novel roles in a previously unrecognized target organ.

IgT was identified in 2005 as a teleost-specific Ig (27). The genomic

distribution of the IgT locus, containing specific D and J gene segments

for the generation of diversity, already anticipated that IgT expression

was apparently independent of IgM and IgD (27), fact that was later

confirmed with the generation of a specific mAb in rainbow trout (36).

In rainbow trout, the ratio of IgT-expressing to IgM-expressing cells

was shown to be higher in mucosal surfaces than in systemic

compartments and IgT responses were revealed prevalent in

response to parasites such as Ceratomyxa shasta (36) in the gut or

Ichthyophthirius multifiliis in skin and gills (37, 38). For this reason, IgT

was considered a mucosally-dedicated Ig in teleost and a functional

analogue of mammalian IgA (57). Nonetheless, this mucosal

distribution of IgT seems highly dependent on the fish species and

for example in adult zebrafish IgT transcripts are exclusively found in

primary immune organs, namely thymus and head kidney (58).

Additionally, in the past years, examples of non-mucosal roles for

IgT and mucosal responses in which IgT is not mainly involved are

being reported in different species, revealing some flexibility. For

example, IgT responses have been shown to be prevailing in the

kidney of rainbow trout infected with the myxozoan Tetracapsuloides

bryosalmonae during proliferative kidney disease (PKD) (40).

Disturbance of IgT repertoires was also reported in rainbow trout

infected by intraperitoneal injection with viral hemorrhagic septicemia

virus (VHSV) (39). On the other hand, in redmark syndrome (RMS), a

rainbow trout disease that provokes characteristic skin lesions, skin

IgM and IgD responses are prevalent over IgT (41). In the current

study, we have demonstrated that IgT+ B cells are present in the CNS of
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non-immunized adult rainbow trout, revealing a novel non-mucosa

role for this teleost-specific Ig. Interestingly, in humans, IgA-secreting

plasma cells instructed in the gut were found in the CNS ofMS-affected

patients (18). Hence, during MS, IgA+ B cells specific for defined

microbiota strains in the gut, travel to the inflamed CNS and

consequently, BCR repertoires are highly shared between gut and

brain B cells during the disease (18). In homeostasis, IgA-expressing

plasmablasts were also identified adjacent to the dural sinuses in both

mice and human meninges (19). The presence of these cells increased

with age and was again highly dependent on the intestinal microbiota,

sharing a high percentage of B cell clones between both tissues (19). In

fact, the complex communication network established between the gut

and the brain is widely studied nowadays in humans, being responsible

for the regulation of many behavioral and physiological body functions

and commonly referred to as the gut-brain axis (59). In our work, we

have determined whether BCR clonotypes obtained in the brain for IgT
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and other Igs were shared with those found in the intestine, finding

very low shared percentages, sometimes close to cero (data not shown).

This reveals that at least in non-immunized rainbow trout, the IgT+ B

cell clones found in the CNS are completely independent of those in the

intestine, ruling out these cell populations as mediators of the

recognized connection between the brain and the gut (brain-gut

axis). Furthermore, in the rainbow trout brain, although IgT+ B cells

were identified in the meninx forming a barrier-like structure,

especially in the OT region, these cells were also clearly visualized in

parenchyma, throughout the OT, the Cb and the rHind. These cells

were shown to have IgT secretory capacity, as demonstrated by

Western blot analysis of the supernatants collected from brain

leukocyte cultures, yet the specificity of this secreted IgT is

something that warrants investigation in future studies.

The precise functionality of IgD is still enigmatic in fish as in

mammals. Although it was initially thought that when co-expressed
FIGURE 7

JST distribution in brain samples. IgH sequences were grouped by unique junction sequence types (JSTs), defined as a VHDJH rearrangement
together with a specific CDR3 amino acid sequence. (A) Bar plot showing the number of unique JST split by heavy chain (mean + SD, n = 6).
(B) Grouped clonal size distribution for the different heavy chains. Bar chart shows the relative frequency of JSTs observed n times in each chain
(mean + SD, n = 6).
FIGURE 8

VHDJH gene configuration in brain samples across the different heavy chains. Heatmap representation of usage of (A) VH, (B) DH, and (C) JH genes.
Values are shown in percentage per IgH chain. Highest values are in red and lowest ones in blue.
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FIGURE 9

Clonal selection across the different IgH. CDR3 spectrotypes from the JSTs with the most used VH genes: IGHV1, IGHV1D, IGHV9, and IGHV11. The black
curved lines represent the theoretical normal distribution adjusted to each plot. All graphs follow a non-normal distribution, as tested by Shapiro’s assay.
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on the surface of naïve B cells, IgM and IgD BCRs were

interchangeable (60, 61), posterior studies revealed some

differences in their antigen affinity and down-stream signaling.

For example, IgD deficiency seems to impair affinity maturation

(62). Additionally, the fact that IgD has a longer hinge region than

IgM renders it more flexible and reactive to polymeric antigens,

whereas unresponsive to monomeric antigens (63). Even more

intriguing is the role of IgD+IgM- B cells which arise through an

alternative form of class switch recombination (CSR) (64). These

cells, which are highly clonal (suggesting division) and have highly

mutated Ig VH regions, have been shown to be often poly- and auto-

reactive and therefore seem to play a relevant but not still well

defined role in peripheral tolerance (65–67). Additionally, some of

these IgD+IgM− B cells, differentiate to plasmablasts and plasma

cells that secrete IgD. The function of secreted IgD in humans is

largely unknown but a relevant mucosal role has been hypothesized

based on recent evidence such as the fact that IgM-to-IgD CSR

occurs mainly in nasopharyngeal and other upper respiratory tract

compartments (68). Interestingly, although these cells have not

been located in the human intestinal tract, secreted IgD has been

shown to coat the intestinal microbiota and found to be reactive to

some food allergens (35, 69). Additionally, IgD has been shown to

coat some respiratory pathogens (70), and to establish an Fc

receptor-independent interaction with innate populations such as

basophils, mast cells, monocytes and myeloid DCs (71). The fact

that IgD-expressing plasmablasts were commonly found in rainbow

trout mucosal surfaces where they interact with the microbiota, also

suggested a role for this Ig in regulating mucosal responses and

homeostasis in these species (32, 33). Nonetheless, in the current

work, we have identified the brain as an alternative tissue in which

IgD+ B cells are abundant. The fact that IgM staining was mostly

confined to blood vessels in the tissue seemed to indicate that these

cells found in the CNS parenchyma and the meninx were

exclusively producing IgD. This was later confirmed analyzing the

isolated leukocytes obtained from the CNS by means of confocal

microscopy and flow cytometry. Furthermore, as the IgD+IgM- B

cell populations in the rainbow trout skin or gills (33), IgD+IgM- B

cells in the brain also had the capacity to secrete IgD. Again, the role

of these cells and that of the secreted IgD in the CNS remains

unknown at this point and will be addressed in future studies.

Interestingly, intrathecal synthesis of IgD has been reported in the

CNS of patients with different type of neurological diseases

including MS or bacterial and viral meningitis (72). Posterior

studies demonstrated that this secreted IgD was especially

important when MS was in a clinically active relapsing phase

(73). Yet again, in rainbow trout, we have demonstrated the

presence of IgD+ B cells not only in the meninx layer but also in

the CNS parenchyma. Remarkably, the distribution of IgD+ B cells

throughout the CNS parenchyma was different than that of IgT+ B

cells, suggesting differential roles for the two B cell subsets. IgD+ B

cells were more predominant in the more posterior sections of the

rainbow trout CNS, mainly found in the GrL of the Cb and also in

the rHind, forming a barrier-like structure surrounding the RV. The
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specific functions of IgD+ B cells and secreted IgD in these CNS

areas should be further investigated in future studies.

To further decipher the origin and functionality of these B cell

populations in the rainbow trout CNS, we have performed a

repertoire analysis to study BCR diversity. One of the things that

stands out from these studies is the fact that IgM and IgD repertoires

in the CNS have a very similar profile of VH, D and JH segment usage.

This suggests that the IgD+IgM- B cells in the CNS have possibly

developed from an IgM+IgD+ naïve B cell locally. While they share

VH segments, IgT often uses distinct D and JH gene segments

compared to IgM and IgD. This contributes to differences in the

CDR3 region, which is crucial for antigen binding specificity (55). For

this reason, the profile of VDH segment usage in IgT in the CNS was

quite different to that of IgM and IgD, which was suspected given they

constitute an independent lineage of cells. Nonetheless, it was

surprising to see that some D segments thought to be exclusively

used by IgT were also used by IgM and IgD to some extent (for

example IGHD2T1) and vice versa. This implies that there are

mechanisms for IgM, IgD and IgT to use genomic sequences (D

gene segments) for rearrangement that are further apart in the

genome (27). Whether this is specific for the CNS or something

that can happen across tissues should be further confirmed. From the

CDR3 spectratyping analysis, what we clearly see is that the IgD and

IgT BCR sequences have experienced a higher degree of selection

than IgM. This is especially evident when specific highly used VH

segments are selected. This together with the Ig secreting capacity

demonstrated by means of ELISA (for IgD) and Western blot (for

IgT) support the hypothesis that both IgT+ and IgD+ B cells in the

rainbow trout CNS are antigen-experienced B cells that have started a

differentiation towards plasmablasts/plasma cells. Whether these are

exogenous antigens that cross the BBB or local endogenous antigens

should be addressed in future studies. Finally, there seems to be a

discordance between IgM mRNA and protein levels in the rainbow

trout CNS, since although IgM+ B cells were rare in flow cytometry

analysis, and seemed almost exclusively confined to blood vessels in

IHC, the amount of IgM transcripts in CNS RNA samples is much

higher than that of the other Igs. We have to rule out that this is due

to contaminating blood in the samples because in that case, more

IgM+IgD+ B cells would had been detected in flow cytometry analysis.

Hence, it might be possible that IgM transcription levels do not

exactly correlate with protein synthesis due to possible post-

transcriptional regulations, known to take place for IgM (74, 75).

Although more and more B cells arise as fundamental players in

the pathophysiology of autoimmune diseases of the CNS in mammals

(14–19), there is still scarce information about the types of B cells

present in this tissue and their behavior during homeostasis and

disease. The data here presented in which different B cell populations

have been identified throughout different regions of the CNS in a

primitive vertebrate such as rainbow trout provides us with valuable

comparative perspectives for understanding the evolution of

neuroimmunology in vertebrates. Furthermore, the identification of

IgD+ and IgT+ B cell populations in the teleost CNS challenges the

conventional understanding of the tissue-specific distribution of Ig
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isotypes in fish, especially taking into account that these cells do not

seem to be connected to intestinal B cell populations due to the lack of

shared clonotypes. The data presented also reveals a more active and

specialized immune environment in the brain than previously thought

and raises important questions about the role that these Igs have in the

CNS homeostasis. Our results, together with the recent discovery of a

specialized microbiome in the brain of healthy fish (76), strongly

suggests that fish have evolved specialized immune mechanisms within

the CNS. How these specialized immune components contribute to its

protection during pathology should be addressed in future studies

determining how these B cell populations react to pathogens with a

CNS tropism. These studies will be of relevance for future vaccine

design and disease management in aquaculture.
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Vargas for technical help. The anti-IgM and anti-IgT mAbs used in

immunohistochemistry were kindly donated by Dr. Kurt

Buchmann from the University of Copenhagen and Dr. Karsten

Skjoedt from the University of Southern Denmark (Denmark).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657738/

full#supplementary-material
frontiersin.org

http://www.ncbi.nlm.nih.gov/bioproject/1308505
http://www.ncbi.nlm.nih.gov/bioproject/1308505
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657738/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1657738/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vicente-Gil et al. 10.3389/fimmu.2025.1657738
References
1. Perry VH. A revised view of the central nervous system microenvironment and
major histocompatibility complex class ii antigen presentation. J Neuroimmunol.
(1998) 90:113–21. doi: 10.1016/S0165-5728(98)00145-3

2. Poli A, Kmiecik J, Domingues O, Hentges F, Blery M, CheKenya M, et al. NK cells
in central nervous system disorders. J Immunol. (2013) 190:5355–62. doi: 10.4049/
jimmunol.1203401

3. Korin B, Ben-Shaanan TL, Schiller M, Dubovik T, Azulay-Debby H, Boshnak NT,
et al. High-dimensional, single-cell characterization of the brain’s immune
compartment. Nat Neurosci. (2017) 20:1300–9. doi: 10.1038/nn.4610

4. Schafflick D, Wolbert J, Heming M, Thomas C, Hartlehnert M, Borsch AL, et al.
Single-cell profiling of cns border compartment leukocytes reveals that B cells and their
progenitors reside in non-diseased meninges. Nat Neurosci. (2021) 24:1225–34.
doi: 10.1038/s41593-021-00880-y

5. Almolda B, Gonzalez B, Castellano B. Are microglial cells the regulators of
lymphocyte responses in the CNS? Front Cell Neurosci. (2015) 9:440. doi: 10.3389/
fncel.2015.00440

6. Svenningsson A, Andersen O, Edsbagge M, Stemme S. Lymphocyte phenotype
and subset distribution in normal cerebrospinal fluid. J Neuroimmunol. (1995) 63:39–
46. doi: 10.1016/0165-5728(95)00126-3

7. Ousman SS, Kubes P. Immune surveillance in the central nervous system. Nat
Neurosci. (2012) 15:1096–101. doi: 10.1038/nn.3161

8. Shen J, Bian N, Zhao L, Wei J. The role of T-lymphocytes in central nervous
system diseases. Brain Res Bull. (2024) 209:110904. doi: 10.1016/j.brainresbull.
2024.110904

9. Bai R, Gao H, Han Z, Huang S, Ge X, Chen F, et al. Flow cytometric
characterization of T cell subsets and microglia after repetitive mild traumatic brain
injury in rats. Neurochem Res. (2017) 42:2892–901. doi: 10.1007/s11064-017-2310-0

10. Petito CK, Adkins B, McCarthy M, Roberts B, Khamis I. CD4+ and CD8+ cells
accumulate in the brains of acquired immunodeficiency syndrome patients with
human immunodeficiency virus encephalitis. J Neurovirol. (2003) 9:36–44.
doi: 10.1080/13550280390173391

11. Engler-Chiurazzi EB, Monaghan KL, Wan ECK, Ren X. Role of B cells and the
aging brain in stroke recovery and treatment. Geroscience. (2020) 42:1199–216.
doi: 10.1007/s11357-020-00242-9

12. Brioschi S, Wang WL, Peng V, Wang M, Shchukina I, Greenberg ZJ, et al.
Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the CNS borders.
Science. (2021) 373(6553):eabf9277. doi: 10.1126/science.abf9277

13. Anthony IC, Crawford DH, Bell JE. B lymphocytes in the normal brain:
Contrasts with HIV-associated lymphoid infiltrates and lymphomas. Brain. (2003)
126:1058–67. doi: 10.1093/brain/awg118

14. Hausser-Kinzel S, Weber MS. The role of B cells and antibodies in multiple
sclerosis, neuromyelitis optica, and related disorders. Front Immunol. (2019) 10:201.
doi: 10.3389/fimmu.2019.00201

15. Comi G, Bar-Or A, Lassmann H, Uccelli A, Hartung HP, Montalban X, et al.
Role of B cells in multiple sclerosis and related disorders. Ann Neurol. (2021) 89:13–23.
doi: 10.1002/ana.25927

16. Funaro M, Messina M, Shabbir M, Wright P, Najjar S, Tabansky I, et al. The role
of B cells in multiple sclerosis: More than antibodies. Discov Med. (2016) 22:251–5.

17. Michel L, Touil H, Pikor NB, Gommerman JL, Prat A, Bar-Or A. B cells in the
multiple sclerosis central nervous system: Trafficking and contribution to cns-
compartmentalized inflammation. Front Immunol. (2015) 6:636. doi: 10.3389/
fimmu.2015.00636

18. Probstel AK, Zhou X, Baumann R, Wischnewski S, Kutza M, Rojas OL, et al. Gut
microbiota-specific IgA(+) B cells traffic to the CNS in active multiple sclerosis. Sci
Immunol. (2020) 5(53):eabc7191. doi: 10.1126/sciimmunol.abc7191

19. Fitzpatrick Z, Frazer G, Ferro A, Clare S, Bouladoux N, Ferdinand J, et al. Gut-
educated IgA plasma cells defend the meningeal venous sinuses. Nature. (2020)
587:472–6. doi: 10.1038/s41586-020-2886-4

20. Munday BL, Kwang J, Moody N. Betanodavirus infections of teleost fish: A
review. J Fish Dis. (2002) 25:127–42. doi: 10.1046/j.1365-2761.2002.00350.x

21. Poisa-Beiro L, Dios S, Ahmed H, Vasta GR, Martinez-Lopez A, Estepa A, et al.
Nodavirus infection of sea bass (Dicentrarchus labrax) induces up-regulation of
galectin-1 expression with potential anti-inflammatory activity. J Immunol. (2009)
183:6600–11. doi: 10.4049/jimmunol.0801726

22. Mladineo I. The immunohistochemical study of nodavirus changes in larval,
juvenile and adult sea bass tissue. J Appl Icthiol. (2003) 19(6):366–70. doi: 10.1111/
j.1439-0426.2003.00489.x

23. Pianese V, Alvarez-Torres D, Gemez-Mata J, Garcia-Rosado E, Moreno P,
Fausto AM, et al. T-cells and CD45-cells discovery in the central nervous system of
healthy and nodavirus-infected teleost fish Dicentrarchus labrax. Fish Shellfish
Immunol. (2024) 151:109646. doi: 10.1016/j.fsi.2024.109646

24. Lopez-Munoz A, Sepulcre MP, Garcia-Moreno D, Fuentes I, Bejar J, ManChado
M, et al. Viral nervous necrosis virus persistently replicates in the central nervous
Frontiers in Immunology 18
system of asymptomatic gilthead seabream and promotes a transient inflammatory
response followed by the infiltration of IgM+ B lymphocytes. Dev Comp Immunol.
(2012) 37:429–37. doi: 10.1016/j.dci.2012.02.007

25. Krasnov A, Kileng O, Skugor S, Jorgensen SM, Afanasyev S, Timmerhaus G, et al.
Genomic analysis of the host response to nervous necrosis virus in atlantic cod (Gadus
morhua) brain. Mol Immunol. (2013) 54:443–52. doi: 10.1016/j.molimm.2013.01.010

26. Quilapi AM, Vargas-Lagos C, Martinez D, Munoz JL, Spies J, Esperguel I, et al.
Brain immunity response of fish Eleginops maclovinus to infection with Francisella
noatunensis. Fish Shellfish Immunol. (2022) 120:695–705. doi: 10.1016/j.fsi.2021.11.026

27. Hansen JD, Landis ED, Phillips RB. 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. (2005) 102:6919–24. doi: 10.1073/
pnas.0500027102

28. Simon R, Diaz-Rosales P, Morel E, Martin D, Granja AG, Tafalla C. CpG
oligodeoxynucleotides modulate innate and adaptive functions of IgM(+) B cells in
rainbow trout. Front Immunol. (2019) 10:584. doi: 10.3389/fimmu.2019.00584

29. Granja AG, Tafalla C. Different IgM(+) B cell subpopulations residing within the
peritoneal cavity of vaccinated rainbow trout are differently regulated by BAFF. Fish
Shellfish Immunol. (2019) 85:9–17. doi: 10.1016/j.fsi.2017.10.003

30. Edholm ES, Bengten E, Stafford JL, Sahoo M, Taylor EB, Miller NW, et al.
Identification of two IgD+ B cell populations in channel catfish, Ictalurus punctatus. J
Immunol. (2010) 185:4082–94. doi: 10.4049/jimmunol.1000631

31. Castro R, Bromage E, Abos B, Pignatelli J, Gonzalez Granja A, Luque A, et al.
CCR7 is mainly expressed in teleost gills, where it defines an IgD+IgM- B lymphocyte
subset. J Immunol. (2014) 192:1257–66. doi: 10.4049/jimmunol.1302471

32. Perdiguero P, Martin-Martin A, Benedicenti O, Diaz-Rosales P, Morel E,
Munoz-Atienza E, et al. Teleost IgD(+)IgM(-) B cells mount clonally expanded and
mildly mutated intestinal IgD responses in the absence of lymphoid follicles. Cell Rep.
(2019) 29:4223–4235.e5. doi: 10.1016/j.celrep.2019.11.101

33. Herranz-Jusdado JG, Morel E, Simon R, Diaz-Rosales P, Tafalla C. Teleost IgD
+IgM- B cells in gills and skin have a plasmablast profile, but functionally and
phenotypically differ from IgM+IgD- B cells in these mucosal tissues. iScience.
(2023) 26:197434. doi: 10.1016/j.isci.2023.107434

34. Chen K, Cerutti A. New insights into the enigma of immunoglobulin D.
Immunol Rev. (2010) 237:160–79. doi: 10.1111/j.1600-065X.2010.00929.x

35. Gutzeit C, Chen K, Cerutti A. The enigmatic function of IgD: Some answers at
last. Eur J Immunol. (2018) 48:1101–13. doi: 10.1002/eji.201646547

36. Zhang YA, Salinas I, Li J, Parra D, Bjork S, Xu Z, et al. IgT, a primitive
immunoglobulin class specialized in mucosal immunity. Nat Immunol. (2010) 11:827–
35. doi: 10.1038/ni.1913

37. Xu Z, Parra D, Gomez D, Salinas I, Zhang YA, von Gersdorff Jorgensen L, et al.
Teleost skin, an ancient mucosal surface that elicits gut-like immune responses. Proc
Natl Acad Sci U.S.A. (2013) 110:13097–102. doi: 10.1073/pnas.1304319110

38. Xu Z, Takizawa F, Parra D, Gomez D, von Gersdorff Jorgensen L, LaPatra SE, et al.
Mucosal immunoglobulins at respiratory surfaces mark an ancient association that predates
the emergence of tetrapods. Nat Commun. (2016) 7:10728. doi: 10.1038/ncomms10728

39. Castro R, Jouneau L, Pham HP, Bouchez O, Giudicelli V, Lefranc MP, et al.
Teleost fish mount complex clonal IgM and IgT responses in spleen upon systemic viral
infection. PloS Pathog. (2013) 9:e1003098. doi: 10.1371/journal.ppat.1003098

40. Abos B, Estensoro I, Perdiguero P, Faber M, Hu Y, Diaz Rosales P, et al.
Dysregulation of B cell activity during proliferative kidney disease in rainbow trout.
Front Immunol. (2018) 9:1203. doi: 10.3389/fimmu.2018.01203

41. von Gersdorff Jorgensen L, Schmidt JG, Chen D, Kania PW, Buchmann K,
Olesen NJ. Skin immune response of rainbow trout (Oncorhynchus mykiss)
experimentally exposed to the disease red mark syndrome. Vet Immunol
Immunopathol. (2019) 211:25–34. doi: 10.1016/j.vetimm.2019.03.008

42. Soto-Davila M, Rodriguez-Cornejo T, Benito VW, Rodriguez-Ramos T,
Mahoney G, Supinski R, et al. Innate and adaptive immune response of rainbow
trout (Oncorhynchus mykiss) naturally infected with Yersinia ruckeri. Fish Shellfish
Immunol. (2024) 151:109742. doi: 10.1016/j.fsi.2024.109742

43. Zahl IH, Samuelsen O, Kiessling A. Anaesthesia of farmed fish: Implications for
welfare. Fish Physiol Biochem. (2012) 38:201–18. doi: 10.1007/s10695-011-9565-1

44. Ballesteros NA, Castro R, Abós B, Rodriguez Saint-Jean S, Perez-Prieto SI,
Tafalla C. The pyloric caeca area is a major site for IgM+ and IgT+ B cell recruitment in
response to oral vaccination in rainbow trout. PloS One. (2013) 8:e66118. doi: 10.1371/
journal.pone.0066118

45. Munoz-Atienza E, Tavara C, Diaz-Rosales P, Llanco L, Serrano-Martinez E,
Tafalla C. Local regulation of immune genes in rainbow trout (Oncorhynchus mykiss)
naturally infected with Flavobacterium psychrophilum. Fish Shellfish Immunol. (2019)
86:25–34. doi: 10.1016/j.fsi.2018.11.027

46. DeLuca D, Wilson M, Warr GW. Lymphocyte heterogeneity in the trout, Salmo
gairdneri, defined with monoclonal antibodies to IgM. Eur J Immunol. (1983) 13:546–
51. doi: 10.1002/eji.1830130706
frontiersin.org

https://doi.org/10.1016/S0165-5728(98)00145-3
https://doi.org/10.4049/jimmunol.1203401
https://doi.org/10.4049/jimmunol.1203401
https://doi.org/10.1038/nn.4610
https://doi.org/10.1038/s41593-021-00880-y
https://doi.org/10.3389/fncel.2015.00440
https://doi.org/10.3389/fncel.2015.00440
https://doi.org/10.1016/0165-5728(95)00126-3
https://doi.org/10.1038/nn.3161
https://doi.org/10.1016/j.brainresbull.2024.110904
https://doi.org/10.1016/j.brainresbull.2024.110904
https://doi.org/10.1007/s11064-017-2310-0
https://doi.org/10.1080/13550280390173391
https://doi.org/10.1007/s11357-020-00242-9
https://doi.org/10.1126/science.abf9277
https://doi.org/10.1093/brain/awg118
https://doi.org/10.3389/fimmu.2019.00201
https://doi.org/10.1002/ana.25927
https://doi.org/10.3389/fimmu.2015.00636
https://doi.org/10.3389/fimmu.2015.00636
https://doi.org/10.1126/sciimmunol.abc7191
https://doi.org/10.1038/s41586-020-2886-4
https://doi.org/10.1046/j.1365-2761.2002.00350.x
https://doi.org/10.4049/jimmunol.0801726
https://doi.org/10.1111/j.1439-0426.2003.00489.x
https://doi.org/10.1111/j.1439-0426.2003.00489.x
https://doi.org/10.1016/j.fsi.2024.109646
https://doi.org/10.1016/j.dci.2012.02.007
https://doi.org/10.1016/j.molimm.2013.01.010
https://doi.org/10.1016/j.fsi.2021.11.026
https://doi.org/10.1073/pnas.0500027102
https://doi.org/10.1073/pnas.0500027102
https://doi.org/10.3389/fimmu.2019.00584
https://doi.org/10.1016/j.fsi.2017.10.003
https://doi.org/10.4049/jimmunol.1000631
https://doi.org/10.4049/jimmunol.1302471
https://doi.org/10.1016/j.celrep.2019.11.101
https://doi.org/10.1016/j.isci.2023.107434
https://doi.org/10.1111/j.1600-065X.2010.00929.x
https://doi.org/10.1002/eji.201646547
https://doi.org/10.1038/ni.1913
https://doi.org/10.1073/pnas.1304319110
https://doi.org/10.1038/ncomms10728
https://doi.org/10.1371/journal.ppat.1003098
https://doi.org/10.3389/fimmu.2018.01203
https://doi.org/10.1016/j.vetimm.2019.03.008
https://doi.org/10.1016/j.fsi.2024.109742
https://doi.org/10.1007/s10695-011-9565-1
https://doi.org/10.1371/journal.pone.0066118
https://doi.org/10.1371/journal.pone.0066118
https://doi.org/10.1016/j.fsi.2018.11.027
https://doi.org/10.1002/eji.1830130706
https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Vicente-Gil et al. 10.3389/fimmu.2025.1657738
47. Ramirez-Gomez F, Greene W, Rego K, Hansen JD, Costa G, Kataria P, et al.
Discovery and characterization of secretory IgD in rainbow trout: Secretory IgD is
produced through a novel splicing mechanism. J Immunol. (2012) 188:1341–9.
doi: 10.4049/jimmunol.1101938

48. Sanchez C, Lopez-Fierro P, Zapata A, Dominguez J. Characterization of
monoclonal antibodies against heavy and light chains of trout immunoglobulin. Fish
Shellfish Immunol. (1993) 3:237–51. doi: 10.1006/fsim.1993.1024

49. Morel E, Herranz-Jusdado JG, Simon R, Vicente-Gil S, Gonzalez L, Tafalla C.
CCR7A defines a subpopulation of IgD(+)IgM(-) B cells with higher IgD secreting
capacity in the rainbow trout skin. Front Immunol. (2025) 16:1538234. doi: 10.3389/
fimmu.2025.1538234

50. Zhang J, Kobert K, Flouri T, Stamatakis A. Pear: A fast and accurate illumina paired-
end read merger. Bioinformatics. (2014) 30:614–20. doi: 10.1093/bioinformatics/btt593

51. Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA, Mamedov IZ,
Tuganbaev TR, et al. Towards error-free profiling of immune repertoires. Nat Methods.
(2014) 11:653–5. doi: 10.1038/nmeth.2960

52. Lefranc MP, Giudicelli V, Kaas Q, Duprat E, Jabado-Michaloud J, Scaviner D,
et al. IMGT, the international immunogenetics information system. Nucleic Acids Res.
(2005) 33:D593–7. doi: 10.1093/nar/gki065

53. Alamyar E, Duroux P, Lefranc MP, Giudicelli V. IMGT((r)) tools for the
nucleotide analysis of immunoglobulin (ig) and T cell receptor (tr) V-(D)-J
repertoires, polymorphisms, and Ig mutations: Imgt/v-quest and imgt/highv-quest
for ngs. Methods Mol Biol. (2012) 882:569–604. doi: 10.1007/978-1-61779-842-9_32

54. Estienne P, Simion M, Hagio H, Yamamoto N, Jenett A, Yamamoto K. Different
ways of evolving tool-using brains in teleosts and amniotes. Commun Biol. (2024) 7:88.
doi: 10.1038/s42003-023-05663-8

55. Fillatreau S, Six A, Magadan S, Castro R, Sunyer JO, Boudinot P. The astonishing
diversity of Ig classes and B cell repertoires in teleost fish. Front Immunol. (2013) 4:28.
doi: 10.3389/fimmu.2013.00028

56. Six A, Mariotti-Ferrandiz ME, ChaaraW,Magadan S, PhamHP, LefrancMP, et al.
The past, present, and future of immune repertoire biology - the rise of next-generation
repertoire analysis. Front Immunol. (2013) 4:413. doi: 10.3389/fimmu.2013.00413

57. Salinas I, Fernandez-Montero A, Ding Y, Sunyer JO. Mucosal immunoglobulins
of teleost fish: A decade of advances. Dev Comp Immunol. (2021) 121:104079.
doi: 10.1016/j.dci.2021.104079

58. Danilova N, Bussmann J, Jekosch K, Steiner LA. The immunoglobulin heavy-
chain locus in zebrafish: Identification and expression of a previously unknown isotype,
immunoglobulin Z. Nat Immunol. (2005) 6:295–302. doi: 10.1038/ni1166

59. O’Riordan KJ, Moloney GM, Keane L, Clarke G, Cryan JF. The gut microbiota-
immune-brain axis: Therapeutic implications. Cell Rep Med. (2025) 6:101982.
doi: 10.1016/j.xcrm.2025.101982

60. Nitschke L, Kosco MH, Kohler G, Lamers MC. Immunoglobulin d-deficient
mice can mount normal immune responses to thymus-independent and -dependent
antigens. Proc Natl Acad Sci U.S.A. (1993) 90:1887–91. doi: 1073/pnas.90.5.1887

61. Nechvatalova J, Bartol SJW, Chovancova Z, Boon L, Vlkova M, van Zelm MC.
Absence of surface igd does not impair naive B cell homeostasis or memory B cell
formation in IgDH haploinsufficient humans. J Immunol. (2018) 201:1928–35.
doi: 10.4049/jimmunol.1800767
Frontiers in Immunology 19
62. Roes J, Rajewsky K. Immunoglobulin D (IgD)-deficient mice reveal an auxiliary
receptor function for IgD in antigen-mediated recruitment of B cells. J Exp Med. (1993)
177:45–55. doi: 10.1084/jem.177.1.45

63. Ubelhart R, Hug E, Bach MP, Wossning T, Duhren-von Minden M, Horn AH,
et al. Responsiveness of B cells is regulated by the hinge region of IgD. Nat Immunol.
(2015) 16:534–43. doi: 10.1038/ni.3141

64. Issaoui H, Ghazzaui N, Saintamand A, Denizot Y, Boyer F. IgD class switch
recombination is not controlled through the immunoglobulin heavy chain 3’ regulatory
region super-enhancer. Cell Mol Immunol. (2017) 14:871–4. doi: 10.1038/cmi.2017.81

65. Liu YJ, de Bouteiller O, Arpin C, Briere F, Galibert L, Ho S, et al. Normal human
IgD+IgM- germinal center B cells can express up to 80 mutations in the variable region
of their IgD transcripts. Immunity. (1996) 4:603–13. doi: 10.1016/S1074-7613(00)
80486-0

66. Arpin C, de Bouteiller O, Razanajaona D, Fugier-Vivier I, Briere F, Banchereau J,
et al. The normal counterpart of IgD myeloma cells in germinal center displays
extensively mutated IgVH gene, Cmu-Cdelta switch, and lambda light chain
expression. J Exp Med. (1998) 187:1169–78. doi: 10.1084/jem.187.8.1169

67. Koelsch K, Zheng NY, Zhang Q, Duty A, Helms C, Mathias MD, et al. Mature B
cells class switched to IgD are autoreactive in healthy individuals. J Clin Invest. (2007)
117:1558–65. doi: 10.1172/JCI27628

68. Chen K, Xu W, Wilson M, He B, Miller NW, Bengten E, et al. Immunoglobulin
D enhances immune surveillance by activating antimicrobial, proinflammatory and B
cell-stimulating programs in basophils. Nat Immunol. (2009) 10:889–98. doi: 10.1038/
ni.1748

69. Choi JH, Wang KW, Zhang D, Zhan X, Wang T, Bu CH, et al. IgD class switching
is initiated by microbiota and limited to mucosa-associated lymphoid tissue in mice. Proc
Natl Acad Sci U.S.A. (2017) 114:E1196–204. doi: 10.1073/pnas.1621258114

70. Forsgren A, Brant M, Mollenkvist A, Muyombwe A, Janson H, Woin N, et al.
Isolation and characterization of a novel IgD-binding protein from Moraxella
catarrhalis. J Immunol. (2001) 167:2112–20. doi: 10.4049/jimmunol.167.4.2112

71. Shan M, Carrillo J, Yeste A, Gutzeit C, Segura-Garzon D, Walland AC, et al.
Secreted IgD amplifies humoral t helper 2 cell responses by binding basophils via galectin-
9 and cd44. Immunity. (2018) 49:709–724.e8. doi: 10.1016/j.immuni.2018.08.013

72. Out TA, Hische EA, van Walbeek HK, van der Helm HJ. Immunoglobulin D in
cerebrospinal fluid. Clin Chim Acta. (1987) 165:289–93. doi: 10.1016/0009-8981(87)
90173-2

73. Sharief MK, Hentges R. Importance of intrathecal synthesis of IgD in multiple
sclerosis. A combined clinical, immunologic, and magnetic resonance imaging study.
Arch Neurol. (1991) 48:1076–9. doi: 10.1001/archneur.1991.00530220098026

74. Mason JO, Williams GT, Neuberger MS. The half-life of immunoglobulin
mRNA increases during B-cell differentiation: A possible role for targeting to
membrane-bound polysomes. Genes Dev. (1988) 2:1003–11. doi: 10.1101/gad.2.8.1003

75. Gerster T, Picard D, Schaffner W. During B-cell differentiation enhancer activity
and transcription rate of immunoglobulin heavy chain genes are high before mRNA
accumulation. Cell. (1986) 45:45–52. doi: 10.1016/0092-8674(86)90536-2

76. Mani A, Henn C, Couch C, Patel S, Lieke T, Chan JTH, et al. A brain microbiome
in salmonids at homeostasis. Sci Adv. (2024) 10:eado0277. doi: 10.1126/sciadv.ado0277
frontiersin.org

https://doi.org/10.4049/jimmunol.1101938
https://doi.org/10.1006/fsim.1993.1024
https://doi.org/10.3389/fimmu.2025.1538234
https://doi.org/10.3389/fimmu.2025.1538234
https://doi.org/10.1093/bioinformatics/btt593
https://doi.org/10.1038/nmeth.2960
https://doi.org/10.1093/nar/gki065
https://doi.org/10.1007/978-1-61779-842-9_32
https://doi.org/10.1038/s42003-023-05663-8
https://doi.org/10.3389/fimmu.2013.00028
https://doi.org/10.3389/fimmu.2013.00413
https://doi.org/10.1016/j.dci.2021.104079
https://doi.org/10.1038/ni1166
https://doi.org/10.1016/j.xcrm.2025.101982
https://doi.org/1073/pnas.90.5.1887
https://doi.org/10.4049/jimmunol.1800767
https://doi.org/10.1084/jem.177.1.45
https://doi.org/10.1038/ni.3141
https://doi.org/10.1038/cmi.2017.81
https://doi.org/10.1016/S1074-7613(00)80486-0
https://doi.org/10.1016/S1074-7613(00)80486-0
https://doi.org/10.1084/jem.187.8.1169
https://doi.org/10.1172/JCI27628
https://doi.org/10.1038/ni.1748
https://doi.org/10.1038/ni.1748
https://doi.org/10.1073/pnas.1621258114
https://doi.org/10.4049/jimmunol.167.4.2112
https://doi.org/10.1016/j.immuni.2018.08.013
https://doi.org/10.1016/0009-8981(87)90173-2
https://doi.org/10.1016/0009-8981(87)90173-2
https://doi.org/10.1001/archneur.1991.00530220098026
https://doi.org/10.1101/gad.2.8.1003
https://doi.org/10.1016/0092-8674(86)90536-2
https://doi.org/10.1126/sciadv.ado0277
https://doi.org/10.3389/fimmu.2025.1657738
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	IgT and IgD dominance in the teleost central nervous system
	1 Introduction
	2 Methods
	2.1 Fish
	2.2 Immunohistochemistry
	2.3 Leukocyte isolation
	2.4 Confocal microscopy
	2.5 Flow cytometry
	2.6 ELISA
	2.7 Western blot
	2.8 Ig repertoire analysis
	2.9 Statistical analysis

	3 Results
	3.1 Overview of Ig reactivity throughout the rainbow trout brain
	3.2 IgD reactivity in the rainbow trout optic tectum
	3.3 IgD reactivity in the rainbow trout cerebellum
	3.4 IgT reactivity in the rainbow trout optic tectum
	3.5 IgT reactivity in the rainbow trout cerebellum
	3.6 Phenotypic analysis of B cells isolated from the rainbow trout brain
	3.7 VDJ rearrangement in heavy chains
	3.8 Clonal selection across the different heavy chains

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




