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TCR/CD3 complex is composed of the disulfide-linked TCR-αβ heterodimer that recognizes the antigen as a peptide presented by the MHC, and non-covalently paired CD3γε- and δε-chains together with disulfide-linked ζ-chain homodimers. The CD3 chains play key roles in T cell development and T cell activation. In the present study, we found nor or extremely lower expression of CD3ε in head- and trunk-kidney lymphocytes by flow cytometric analysis, while CD3ε was expressed at the normal level in lymphocytes from thymus, spleen, intestine, gill, and peripheral blood. Furthermore, CD4-1+ and CD8α+ T cells from kidney express Zap-70, but not CD3ε, while the T cells from other tissues express both Zap-70 and CD3ε, although expression of CD3ε was low. Quantitative analysis of mRNA expression revealed that the expression level of T cell-related genes including tcrb, cd3ε, zap-70, and lck in CD4-1+ and CD8α+ T cells was not different between kidney and spleen. Western blot analysis showed that CD3ε band was detected in the cell lysates of spleen but not kidney. To be interested, CD3ε-positive cells greatly increased after 24 h in in vitro culture of kidney leukocytes. Furthermore, expression of CD3ε in both transferred kidney and spleen leukocytes was not detected or very low in kidney, while both leukocytes expressed CD3ε at normal level in spleen when kidney and spleen leukocytes were injected into the isogeneic recipient. Lower expression of CD3ε was also found in kidney T lymphocytes of goldfish and carp. These results indicate that kidney lymphocytes express no or lower level of CD3ε protein in the kidney, although the mRNA of the gene was expressed. Here, we discuss this phenomenon from the point of function of kidney as reservoir for T lymphocytes in teleost, which lacks lymph node and bone marrow.
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INTRODUCTION

The antigen receptor complex on T-cell (TCR/CD3) consists of the disulfide-linked TCR-αβ heterodimer that recognizes the antigen as a peptide presented by the MHC, and non-covalently paired CD3γε- and δε-chains together with disulfide-linked ζ-chain homodimers. In mice and humans, CD3ε and ζ chains as well as TCRα and β chains are essential for surface expression of TCR/CD3 complex, while CD3δ and γ chains are individually dispensable (1). Dynamic change of TCR/CD3 cell surface expression has been reported in resting and antigen-activated T cells (2). CD3 chains play critical roles in the various phases of thymocyte development. For instance, the removal of CD3ε led to a complete impairment of thymocyte development at the DN stage and CD3γε is the most critical for DN-to-DP transition (3). The role of CD3 chains in mature T cell activation has been also reported (4, 5). Ahmadi et al. (6) showed that co-transfer of CD3 and TCR genes into primary murine T cells enhanced TCR expression and antigen-specific T-cell function in vitro. Further, they demonstrated that addition of CD3 protein is effective to enhance the avidity, antitumor activity, and functional memory formation of TCR gene-modified T cells in vivo. In contrast, downregulation in the expression of CD3 chains in T cells and impaired immune responses have been reported in patients with malignant and/or inflammatory autoimmune diseases (7–9). These reports indicate that the critical roles of CD3 chains in mature T cell activation as well as in T cell development and signaling.

Fish CD3 genes have been reported from chondrostean fish (sterlet) and teleost [e.g., Japanese flounder, fugu, Atlantic halibut, sea bass, Atlantic salmon, and common carp (10)]. CD3 transcripts were widely expressed in teleost tissues including lymphoid tissues (e.g., thymus, head- and trunk-kidney, and spleen), mucosal tissues (e.g., gill, skin, and intestine), and peripheral blood leukocytes (PBL) (10–14). Non-mammalian vertebrates including birds, amphibians, and teleost fish possess only three types of CD3, e.g., CD3-γδ, CD3-ε, and the -ζ chain with CD3-γδ reflecting the common ancestor of mammalian CD3-γ and CD3-δ (15). The lack of interaction between chicken TCRαβ heterodimers and the human CD3 complex has been reported (16). Furthermore, there exist significant differences in the relative functions of the various CD3 chains even between mice and humans (17). In fish, however, function of CD3 chains, particularly, the role in the expression of TCR/CD3 complex remains unknown.

The obvious differences between fish and mammals are that fish lack a bone marrow and lymph nodes, and instead, the kidney is a major lymphoid organ in the teleost in addition to the thymus, spleen, and mucosa-associated lymphoid tissues (18). Teleost kidney is considered to be homologous organ to the bone marrow and lymph node in mammals (19). It has been reported that the presence of hematopoietic stem cells in the kidney of ginbuna and zebrafish (20, 21). Abundant presence of immature leukocytes or blast cells in the kidney of teleost also suggests that teleost kidney is equivalent to the bone marrow of mammals. It is well known in mammals that interactions between T cells and dendritic cells in the lymph nodes are crucial for initiating cell-mediated adaptive immune responses (22, 23) and the germinal centers are main sites for T cell-dependent immune responses (24). In fish, however, information on the tissues or sites equivalent to lymph nodes and germinal centers is limited.

In the present study, we found that CD4-1+ and CD8α+ T lymphocytes from head-and trunk-kidney express Zap-70, but not CD3ε, while T lymphocytes from tissues except kidney express both CD3ε and Zap-70. Interestingly enough, T lymphocytes from the head- and trunk-kidney become positive for the expression of CD3ε after 24 h in in vitro culture. Furthermore, expression of CD3ε in kidney leukocytes became positive when kidney leukocytes were injected into the isogeneic recipient and migrated into spleen. These results indicate that expression of CD3ε molecule was suppressed in the kidney. Here, we discuss this phenomenon from the point of function of kidney as reservoir for T lymphocytes in teleost, which lacks lymph node and bone marrow.

MATERIALS AND METHODS

Experimental Fish

Triploid female ginbuna crucian carp (Carassius auratus langsdorfii) from Okushiri Island in Hokkaido (OB1 clone) weighing 20–30 g were used for the experiment. Offspring of OB1 clone were reproduced by naturally occurring gynogenesis artificially inseminated with loach sperm and were maintained in tanks with running water at 25 ± 1°C and fed twice daily with commercial pellets throughout the experiments.

Identification and Characterization of Ginbuna CD3ε

To obtain the partial ginbuna CD3ε nucleotide sequences, we performed RT–PCR using primers (Table 1) designed using nucleotide sequence of zebrafish cd3e (NM_001326401) and Japanese flounder cd3e (AB081751). PCR was carried out in 40-μl reaction mixtures containing Prime STAR HS, with reaction conditions consisting of denaturation at 96°C for 2 min and 30 cycles of denaturation at 94°C for 10 s, annealing at 60°C for 10 s, polymerization at 72°C for 30 s, and extension at 72°C for 2 min. The PCR products were subcloned into the pGEM-T Easy plasmid vector by using a TA-Cloning method (Promega, Madison, WI, USA). After confirming through sequencing, 5′-RACE and 3′-RACE protocols (TaKaRa Bio, Shiga, Japan) were used to obtain full-length gCD3ε sequences using the primers in Table 1. Nucleotide and amino acid sequence were analyzed using GENETYX-WIN version 9.0 and CLUSTALW. Similarity searches were performed using BLAST against the NCBI non-redundant protein database and the Protein Data Bank. Ig domains, CXXC motif, and immunoreceptor tyrosine-based activation motifs (ITAM) were predicted using Simple Modular Architecture Research Tool. Phylogenetic analysis was performed using molecular evolutionary genetics analysis.

TABLE 1 | Oligonucleotide primers used in this study.
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Recombinant Protein Production

The cDNA sequences of ginbuna cd3e were amplified and subcloned into a pET-16b vector (Novagen, Madison, WI, USA). To increase solubility, transmembrane (TM) domain was deleted within CD3ε sequence and named as CD3e–ΔTM. The CD3e–ΔTM plasmid DNA was amplified using the primers (gCD3e-del-TM-F, gCD3e-del-TM-R in Table 1) phosphorylated with Prime STAR mutagenesis kit (TaKaRa Bio, Shiga, Japan). The construct was designated as pET–CD3e–ΔTM. The CD3e–ΔTM protein was expressed in Escherichia coli BL21 (DE3) pLysS cells (Novagen) that had been transformed with pET–CD3e–ΔTM. After the three chromatography purification steps, sequential His-tag affinity purification, gel filtration chromatography, and endotoxin removal, the recombinant proteins were used for immunization of rabbit.

Production of Polyclonal Antibody

New Zealand White rabbit were immunized with the purified recombinant CD3ε according to the standard method. Rabbits were bled by cardiac puncture under deep terminal anesthesia and the serum were purified by protein G sepharose (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer’s protocols and guidelines. The antibody was further purified by an affinity column, which was prepared by coupling of recombinant CD3e–ΔTM protein to NHS-activated Sepharose (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer’s instructions.

Preparation of Leukocytes

Fish were deeply anesthetized with 35 ppm ethyl-4-aminobenzoate (Benzocaine, Sigma-Aldrich, St. Louis, MO, USA), and their spinal cords were severed for euthanasia. Fish were bled from the caudal blood vessels with a heparinized syringe, and the thymus, spleen, head-kidney, trunk-kidney, gill, and intestine were dissected. To avoid contamination with blood, 10 ml of PBS with 10 U/ml of heparin (Wako Chemicals, Osaka, Japan) was injected into gill tissue through the bulbus arteriosus. All subsequent manipulations of cells were done at 4°C.

For the thymus, spleen, head-kidney, and trunk-kidney, the organs were placed on a stainless steel mesh filter (100 μm) and pressed through with 5 ml of HBSS (Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) to create single-cell suspensions. For gill and intestine, the tissues were incubated with PBS containing 1 mM DTT (Wako Chemicals, Osaka, Japan) and 1 mM EDTA for 15 min after mincing with scissors. After incubation, the organs were washed and dissociated by incubating with calcium- and magnesium-free Hank’s Balanced Salt Solution (CMF-HBSS) containing 0.1 mg/ml collagenase (Wako Chemicals, Osaka, Japan), 0.1 mg/ml DNase (Sigma-Aldrich, St. Louis, MO, USA), and 5% FBS for 90 min with shaking at room temperature. Dissociated organs were disaggregated by pressing through the stainless steel mesh filter into HBSS. The buffy coat from peripheral blood and leukocytes from tissues were collected by centrifugation at 400 × g for 5 min at 4°C. After discarding the supernatant, 1 ml of distilled water was added to cell pellet and gently mixed with a pipette to lyse mature erythrocytes. Subsequently, 9 ml of the 0.2% FBS-HBSS was added and the cells were washed twice by centrifugation. Cell concentration and viability were determined by trypan blue dye exclusion with a hemocytometer. Viability of cells was approximately 90%.

Cell Culture

Head- and trunk-kidney lymphocyte were suspended in RPMI1640 medium (Thermo Fisher Scientific Inc., MA, USA) supplemented with 1% ginbuna serum. The cells were seeded in 6-well plates at 1 × 106 cells/2 ml/well at 25°C with 5% CO2 for 24 h.

Flow Cytometry

5 × 106 cells/ml of leukocytes from the various tissues were fixed with 2% paraformaldehyde (PFA) followed by cell membrane permeabilization with 0.1% saponin for 10 min. Cells were then incubated with 1:300 anti-gCD3ε antibody or Rabbi (DA1E) mAb IgG Isotype control (CST, MA, USA) for 45 min at 4°C, washed three times, and stained with 1:500 diluted Alexa Fluor® 647 conjugated secondary antibody (Thermo Fisher Scientific Inc., MA, USA) against anti-gCD3ε antibody. The cells were then washed three times and served for flow cytometric analysis. Lymphocytes were gated on FS and SS dot plot and then analyzed using a FACS Canto flow cytometer (Becton Dickinson, NJ, USA).

For two-color immunofluorescence analysis of cell surface antigens along with T cell-specific intracellular markers including Zap-70 and CD3ε, kidney leukocytes were first incubated with mAbs against CD4-1(6D1, rat), CD8α (2C3, rat), IgM (B12, mouse), phagocyte (GB21, mouse), and thrombocyte (GB10, mouse) markers and then fixed with 2% PFA followed by cell membrane permeabilization with 0.1% saponin for 10 min. Cells were then incubated with 1:300 anti-gCD3ε antibody or 1:50 anti-hZap-70 (rabbit, CST, MA, USA) for 45 min at 4°C, washed three times, and stained with 1:500 diluted Alexa Fluor® 488 donkey Anti-Rat IgG (H + L) antibody, Alexa Fluor® 488 goat Anti-mouse IgG (H + L) antibody, and Alexa Fluor® 647 goat Anti-rabbit IgG (H + L) antibody (Thermo Fisher Scientific Inc., MA, USA). A donkey anti-rat IgG antibody was used for mAbs 2C3 and 6D1, a goat anti-mouse IgG antibody was used for mAbs B12, GB21, and GB10 along with a goat anti-rabbit IgG antibody was used for mAbs gCD3ε and hZap-70. The cells were then washed three times. Lymphocytes were gated on FS and SS dot plot and lymphocytes were then analyzed for double staining with the mAbs. Doublets discrimination was performed in FSA-H/FSA-W and SSC-H/SSC-W dot plots with Flowjo 7 (TreeStar).

Transcriptional Analysis of FACS Sorted Populations

Leukocytes from kidney and spleen were labeled with mAbs against CD4-1 and CD8α as described above. Dead cells were eliminated by 2.5 μg/ml of propidium iodide (Thermo Fisher Scientific Inc., MA, USA). Lymphocyte fraction of kidney and spleen leukocytes was gated and doublets discrimination was performed as described above. CD4-1+ and CD8α+ cells were isolated by FACS Aria II cell sorter (Becton Dickinson, NJ, USA). Purities of FACS sorted CD4-1 and CD8α were confirmed to be more than 95% when the sorted lymphocytes were re-analyzed with the mAbs used for sorting by FACS analysis. Total RNA was extracted from 5 × 105 cells of FACS sorted cells using the ReliaPrep RNA Tissue Miniprep System (Promega, Madison, WI, USA) according to the manufacturer’s protocols and guidelines. cDNA was synthesized from total RNA from each sample using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) according to the manufacturer’s protocols and guidelines. mRNA expression analysis was performed by Real-time PCR using a Thermal Cycler Dice® Real Time System (TaKaRa Bio, Shiga, Japan). PCR reactions were performed with 5 μl of 1:50 diluted cDNA, 12.5 μl of SYBR® Premix Ex Taq (TaKaRa Bio, Shiga, Japan), and 200 nM of each specific primer pair (Table 1) in 25 μl mixtures under the following conditions: one cycle at 95°C for 30 s, 45 cycles at 95°C for 5 s, 60°C for 30 s. Melting curve analysis showed that there was no primer dimer formation.

Target genes were amplified on the same plate with the internal control genes, ef1a or T cell control gene, lck, and the relative mRNA quantities were determined. Raw data were analyzed by the 2−ΔΔCT method (25) normalized to ef1a or lck.

Transfer of Kidney and Spleen Leukocytes Into Isogeneic Recipient

Kidney and spleen leukocytes of donor fish were prepared as mentioned above and were labeled with CFSE (Invitrogen) for detection by flow cytometry according to Toda et al. (26). Cell suspensions were adjusted to 2 × 106 cells/ml and labeled with 5 μM CFSE (invitrogen) for 10 min at room temperature. The reaction was stopped by the addition of an equal volume of HBSS at 4°C followed by three washes. 100 μl of 5 × 107 cells/ml of CFSE-stained kidney or spleen leukocytes were then injected into the naïve isogeneic recipient via caudal blood vein. Kidney and spleen cell suspension of recipient fish were prepared and the percentages of CFSE-positive cells were analyzed by FACS.

Western Blot Analysis

Leukocytes from kidney and spleen were lysed in 25 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.1% TritonX-100, 0.05% SDS. The extracted proteins were resolved on a SDS-polyacrylamide gel and electroblotted onto a PVDF membrane as described by Yabu et al. (27). The Membrane was blocked with blocking reagent (Block-Ace, Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) for 1 h at room temperature. The Membrane was probed with 1:300 Anti-gCD3ε Ab overnight at 4°C, washed five times, and incubated with horseradish peroxidase goat anti-rabbit IgG antibody (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:10,000 for 1 h at room temperature, and washed an additional five times. Membranes were visualized by Western Lightning ECL Pro (Perkin Elmer, Inc., Waltham, MA, USA) and exposed to Hyperfilm ECL (GE Healthcare, Piscataway, NJ, USA).

Immunohistological Analysis

Cryosections (8 μm) were prepared as previously reported (28). For immuno-staining, frozen sections were incubated with 1:300 diluted rabbit anti-CD3ε Ab or Rabbi (DA1E) mAbIgG Isotype control (CST, MA, USA) for 8 h at 4°C, washed, and then stained with 1:500 diluted Alexa Fluor® 488 goat Anti-rabbit IgG (H + L) antibody as a secondary antibody. Sections were then washed three times and nuclei were stained with DAPI (Sigma-Aldrich, St. Louis, MO, USA). Finally, the sections were mounted with ProLong Gold anti-fade mounting medium (Life Technologies). Sections were examined by fluorescence microscopy (Olympus IX71) with a digital camera and software (Olympus DP73).

In situ Hybridization (ISH)

A 1,295-bp of gCD3ε cDNA was subcloned into the pGEM-T Easy plasmid vector and then appended T7 and SP6 promoter sequence at the 5′ and 3′ terminal, respectively, by PCR reaction using primers (Table 1). The PCR product was used for sense and antisense RNA probe synthesized using DIG RNA Labeling Kit (Sigma-Aldrich, St. Louis, MO, USA). For the ISH of tissue sections, tissue samples from kidney, spleen, and thymus were fixed at 4°C for 12 h in 4% PFA. Cryosections (7 μm) were prepared on the slide. ISH was performed as described previously by Nagasawa et al. (29). The sections were then incubated in 0.0018% of BCIP (Sigma-Aldrich, St. Louis, MO, USA) and a NTMT solution containing 0.0035% of NBT (Nacalai tesque, Japan) at RT in the dark. After the color reaction had occurred, sections were washed with PBS. Finally, the sections were mounted with 70% glycerol. Sections were examined under BX51 microscope (Olympus, Tokyo, Japan).

Statistics

Results of FCM analysis were statistically compared using two-way ANOVAs, followed by Tukey’s multiple comparisons tests to detect significant difference between means in the percentage of positive cells. A p value of <0.05 was considered statistically significant.

RESULTS

Ginbuna CD3ε Sequence Analysis

Sequence analysis of 5′ RACE and 3′ RACE PCR product revealed that ginbuna CD3ε cDNA consists of 1,499 nucleotides with a 519 bp open reading frame encoding 173 amino acid (Figure S1A in Supplementary Material). Comparison of gCD3ε with Atlantic salmon CD3ε (NM _001123622) and human CD3ε (NM _000733.3) revealed that the polypeptide was composed of a signal peptide sequence, CXXC motif, a Ig-like domain containing two Ig-fold cysteine, and ITAM in cytoplasmic domain (Figures S1B,C in Supplementary Material). These data indicate that gCD3ε has similar feature to that of other vertebrate CD3ε. Phylogenetic analysis revealed that gCD3ε was classified into the vertebrate CD3ε group (Figure S1D in Supplementary Material).

Specificity of Antibody Against Ginbuna CD3ε

Specificity of rabbit antibody purified with antigen column using recombinant ginbuna CD3ε (rgCD3ε) was examined. Western blot analysis showed that the antibody is specific to native ginbuna CD3ε (gCD3ε) present in thymus and spleen since positive band was detected at 20–25 kDa as expected molecular weight (Figure S2 in Supplementary Material) and disappeared after adsorption with the rgCD3ε (Figure S3 in Supplementary Material). Immuno-precipitation followed protein sequencing by LC-MS/MS revealed that the antibody recognized gCD3ε (Figure S4 in Supplementary Material).

CD4-1+ and CD8α+ Kidney Lymphocytes Express Zap-70, but not CD3ε

In the present study, we found the expression of CD3ε in the lymphocytes from thymus, spleen, intestine, gill, and peripheral blood lymphocytes but not in the lymphocytes of head- and trunk-kidney where CD4-1 and CD8α positive T cells were present (Figure 1). Immuno-histochemical analysis also showed that CD3ε-positive cells are present in all of tissues examined except kidney and the morphology of antibody-positive cells showed the typical feature of lymphocyte (Figure 2).
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FIGURE 1 | Percentages of gCD3ε-positive cells in the lymphocyte fraction of tissues. Leukocytes from thymus, spleen, trunk-kidney, gill intestine, and peripheral blood leukocytes were stained with anti-gCD3ε Ab followed by Alexa Fluor® 647 goat anti-rabbit IgG. Lymphocytes were gated on FS and SS dot plot. Dotted lines show negative control stained with isotype antibody, and black solid lines with gray shadow show anti-gCD3ε Ab-positive cells. Each figure is representative of more than seven analyses with mean value and SD (mean ± SD).
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FIGURE 2 | Immuno-histochemical analysis of anti-CD3ε-positive cells in tissues. Cryostat sections were stained with anti-gCD3ε Ab (A = Thymus, B = Gill, C = Trunk-Kidney, D = Spleen, and E = Intestine) or isotype Ab (a = Thymus, b = Gill, c = Trunk-Kidney, d = Spleen, and e = Intestine) followed by Alexa Fluor® 488 goat anti-rabbit IgG (green). Nuclei were stained with DAPI (blue). Scale bar = 20 μm (A–E). Antibody positive cells (green) were analyzed in high magnification (F). Antibody positive cell (green) were merged with nuclei staining (blue) (G). Scale bar = 1 μm (F,G).



We previously reported the distribution of CD4-1 and CD8α positive lymphocytes in both lymphoid and non-lymphoid tissues of adult fish (30, 31). Present dual immune-fluorescence analysis revealed that CD4-1 and CD8α positive lymphocytes in the head- and trunk-kidney did not express CD3ε, while CD3ε expression was observed in other tissues, e.g., the thymus, spleen, gill, intestine, and peripheral blood (Figure 3). However, expression of Zap-70 was found in all tissues including head- and trunk-kidney. Majority of CD4-1 and CD8α positive lymphocytes express lower level of both CD3ε and Zap-70 in the thymus. Similar phenomenon was also observed in the spleen and PBL, although the tendency was more apparent in the thymus than spleen and PBL.
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FIGURE 3 | Dual fluorescence analysis of CD3ε+, Zap-70 with lymphocyte markers in tissues. Leukocytes from spleen, kidney, and thymus were stained with the anti-CD4-1 and CD8α mAbs followed by Alexa Fluor® 488 anti-rat IgG, and stained with anti-gCD3ε Ab or anti-hZap-70 mAb followed by 647 goat anti-rabbit IgG. (A–C) Lymphocytes were gated on FS and SS dot plot. (D) Leukocytes from peripheral blood leukocytes were stained with anti-CD4-1, CD8α, IgM, phagocyte, and thrombocyte mAbs, respectively, followed by Alexa Fluor® 488 goat anti-rat or mouse IgG, and stained with anti-gCD3ε Ab followed by Alexa Fluor® 647 goat anti-rabbit IgG. Mean ± SD of more than three independent experiments are shown.



FACS Sorted CD4-1+ and CD8α+ Lymphocytes Express Transcripts of T Cell-Related Markers

Since we found that CD4-1+ and CD8α+ kidney lymphocytes did not show the expression of CD3ε protein, we then examined the expression of CD3ε at mRNA level. All T cell-related genes including tcrb, cd3ε, zap-70, and lck were expressed to the similar extent in both kidney and spleen (Figure 4).
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FIGURE 4 | Gene expression analysis of T cell-related genes in sorted CD4-1+ and CD8α+ lymphocytes. Trunk-kidney and spleen cells were stained with anti-CD4-1 and CD8α mAbs as described in Figure 3. Lymphocytes fraction from trunk-kidney and spleen were gated on FS and SS dot plot and doublets discrimination was performed. Anti-CD4-1 and CD8α mAb positive cells were sorted by FACS. Purity of FACS sorted cells was confirmed to be more than 95%. Total RNA was prepared from 5 × 105 sorted cells and used for quantitative RT-PCR analysis. mRNA expression of cd3e, tcrb, zap-70, and lck in sorted T cells was normalized to internal control gene, ef1a. Statistical significance was calculated using t tests to each gene (ns, not significant p > 0.05).



Expression of CD3ε mRNA in Kidney as Well as Thymus and Spleen

We confirmed the expression of CD3ε mRNA in kidney as well as thymus and spleen by ISH (Figure 5). CD3ε mRNA positive cells were detected as small lymphocytes in the intertubular tissue of trunk-kidney (Figure 5C), although the number of positive cells in kidney was fewer when compared to thymus where most of cells were positive (Figure 5A).
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FIGURE 5 | Gene expression analysis of CD3ε in tissue: in situ hybridization. Cryostat sections were hybridized with an antisense (A = thymus, B = spleen, C = trunk-kidney) or sense (a = thymus, b = spleen, c = trunk-kidney) probe. No unspecific staining was observed (a–c). The signal of CD3ε mRNA is observed (A–C). CD3ε-expressing cells are indicated with arrow head (B,C). NT represents nephric tubule in (C) (trunk-kidney). Scale bar = 10 μm.



Presence of CD3ε Protein in Spleen but not Kidney Leukocytes

We further examined the expression of CD3ε protein in kidney and detected a clear band of 20 kDa in spleen but not in kidney by Western Blot analysis (Figure 6). No band was detected even at higher dose of samples of kidney.
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FIGURE 6 | Western Blot analysis of the presence of CD3ε. Western Blot analysis with anti-CD3ε Ab of the protein samples from kidney and spleen leukocytes are shown. Both samples were normalized to tubulin (lower).



Increased Expression of CD3ε Gene in Kidney Leukocytes After In Vitro Culture

FACS analysis revealed that kidney leukocytes become positive for the expression of CD3ε after 24 h in vitro culture (Figure 7A). The number of CD3ε-positive cells was approximately 20 folds after the culture compared to that of leukocytes before the culture, although Zap-70-positive cells also two and three times increased (Figure 7B). However, mRNA expression of cd3e normalized to T cell control gene, lck was not different in cells before and after the culture (Figure 7C).
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FIGURE 7 | Effects of in vitro culture on CD3ε and Zap-70 expression in kidney lymphocytes. (A) Kidney leukocytes were cultured for 24 h and the expression of CD3ε was analyzed by FACS with more than 1 × 105 of lymphocytes. Mean value and ±SD of more than three independent experiments are shown. (B) Average percentages of CD3ε and Zap-70 were calculated (n = 3, mean + SD). Statistical significance was calculated using t tests (***p < 0.005) (ns, not significant p > 0.05). (C) Total RNA was prepared from 2 × 106 cultured cells and used for quantitative RT-PCR analysis. mRNA expression of cd3e in cultured cells was normalized to T cell control gene, lck. Average percentages of CD3ε and Zap-70 were calculated (n = 3, mean + SD). Statistical significance was calculated using one-way ANOVA (ns, not significant p > 0.05).



We also examined the changes of CD3ε expression after allo-antigen stimulation and bacterial infection. Kidney leukocytes from fish immunized with scale allografts or infected with Edwardsiella tarda did not show the increase of CD3ε expression (Figures S8A,B in Supplementary Material).

Expression of CD3ε in Migrated Kidney Lymphocytes Into Recipient Spleen

Since we found that kidney leukocytes express CD3ε protein after in vitro culture, we suspect that kidney environment suppresses the expression of CD3ε protein. We then examined the CD3ε expression of kidney leukocytes migrated into other tissues of isogeneic recipient. More than 3 × 104 of CFSE-positive lymphocytes were obtained and percentages of CFSE positive lymphocytes were 1.2–2.4% in kidney, spleen, and PBL of recipients fish (Figure S10 in Supplementary Material). CFSE-stained kidney leukocytes migrated into the spleen of isogeneic recipient showed the appearance of CD3ε expressing cells, while kidney cells migrated into the kidney of the recipient showed no expression (Figure 8A). Interestingly enough, CFSE-stained spleen leukocytes migrated into the kidney of the recipient failed to express CD3ε, although the leukocytes express CD3ε in the recipient spleen (Figure 8B).
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FIGURE 8 | Expression of CD3ε in re-injected lymphocytes in recipient tissues. Donor leukocytes were stained with CFSE, and the expression of CD3ε was analyzed by FACS before injection. Twenty four hours after injection, lymphocytes from recipient trunk-kidney, spleen, and peripheral blood leukocytes were gated on FS and SS dot plot. Histograms show the percentages of anti-CD3ε Ab and CFSE double-positive cells derived from donors. Dotted lines show negative control stained with isotype antibody and black solid lines with gray shadow show anti-gCD3ε Ab-positive cells. Mean value and ±SD of more than three independent experiments are shown. Bars indicate gating. CFSE-labeled donor leukocytes from kidney (A) or spleen (B) were injected to the recipients.



DISCUSSION

In the present study, we found that all the leukocytes including CD4-1+ and CD8α+ T cells did not express CD3ε molecule in the head- and trunk-kidney, while lymphocytes from other tissues including thymus, spleen, intestine, gill, and peripheral blood expressed CD3ε. However, CD4-1+ and CD8α+ T cells in the kidney expressed Zap-70 as in other tissues. Furthermore, CD4-1+ and CD8α+ T cells in the head- and trunk-kidney become positive for the expression of CD3ε after 24 h in in vitro culture. Gene expression analysis revealed that CD4-1+ and CD8α+ T cells express both cd3e and zap-70 together with lck and tcrb, and there was no difference between kidney and spleen or between before and after in vitro culture. To be interested, expression of CD3ε of spleen lymphocytes was suppressed in the kidney of recipient, while kidney lymphocytes expressed CD3ε in the spleen of recipient in leukocyte transfer experiment using isogeneic fish. These results suggest that the expression of CD3ε protein, but not mRNA, is suppressed in kidney environment.

Present study revealed that T cell-related genes including tcrb, cd3ε, zap-70, and lck were expressed in CD4-1+ and CD8α+ T cells, while FACS analysis showed that CD3ε was neither expressed in the cytoplasm nor at cell surface of lymphocytes in the kidney. Western Blot analysis also supported the results of FACS analysis. Accordingly, these results suggest that CD3ε expression is regulated at transcriptional level and CD3ε is expressed at mRNA but not protein level in ginbuna kidney. It has been reported in mammals that CD3ε and ζ chains as well as TCRα and β chains are essential for surface expression of TCR/CD3 complex (1). Taken together, it is possible that TCRα and β chains as well as CD3ε are not expressed on the cell surface or present in cytoplasm, although it is difficult to confirm due to the lack of antibody against TCR in fish including ginbuna. Critical role of CD3ε in TCR signaling has been extensively studied in mammals (3, 32). In fish, however, little is known about the role of CD3 chains in TCR signaling and transcriptional regulation of CD3 expression to date and further studies focusing on CD3ε is required.

To be interested, CD3ε-positive cells greatly increased after 24 h in in vitro culture of kidney leukocytes. Furthermore, kidney lymphocytes migrated into spleen of recipient expressed CD3ε as mentioned above. These results suggest that expression of CD3ε protein in lymphocytes was suppressed in the kidney. In our study on the cytotoxicity of CD8+ T cells against allogeneic target cells, effector kidney leukocytes are required to culture in vitro for at least 8 h before the mixture with the target cells to induce cytotoxic activity (unpublished data). Dynamic and rapid changes in the cell surface expression of TCR/CD3 complex have been reported and the cell-surface levels of the complex present a balance among internalization, recycling, and degradation of existing complexes (33). Furthermore, impaired cell-mediated immune responses due to decreased expression of the CD3ζ or CD3ε chain have been reported in many patients with malignant and inflammatory autoimmune diseases. For instance, downregulation of CD3ε but not CD3ζ expression in CD4+ and CD8+ T cells has been reported in patient with lung carcinomas (9). Matsuda et al. (7) have reported the decreased expression of signal-transducing CD3ζ chains in T cells from the joints and peripheral blood of rheumatoid arthritis patients. Chen et al. (8) have reported that decreased expression of both CD3ζ and CD3ε result in an increased ex vivo susceptibility to apoptosis of peripheral blood T cells in patients with chronic myeloid leukemia. Taken together, it is possible that the function of T cell subsets is suppressed in ginbuna kidney environment.

Zap-70 is a part of the TCR/CD3 complex and is essential for the normal development of T cells and TCR signaling. In the present study, we found that Zap-70 was expressed as protein while CD3ε was not in kidney of ginbuna by FACS analysis. In an early event in TCR activation, Zap-70 is recruited to the TCR/CD3 complex upon activation after the phosphorylation and activation of Lck and promotes recruitment and phosphorylation of downstream adaptor or scaffold proteins (34). Zap-70 is present as protein in the cytoplasm of αβ T cells and epithelial γδ T cells except for some γδ T cells in peripheral lymphoid tissues (35). In contrast, dramatic and rapid changes in the expression of CD3 chains on cell surface or in cytoplasm have been reported as mentioned above. Therefore, the difference in the expression between CD3ε and Zap-70 can be attributed to the difference in the role of two molecules.

Teleost kidney is an important hematopoietic organ (36) and has morphological similarities with the bone marrow in higher vertebrates (37). The kidney also serves as a secondary lymphoid organ involved in the induction and activation of immune responses (38). In mammals, the elimination of activated T cells at the end of immune response is essential to maintain peripheral immune tolerance and avoid excessive immune responses. Resting mature T lymphocytes in the periphery start to proliferate and then undergo the activation-induced cell death via apoptosis when the T cells are activated by repeated stimulation of their TCR (39). Here, we hypothesize that kidney of cyprinid fish may play a role as the reservoir of resting mature T lymphocytes. That is, T lymphocytes in kidney are suppressed in the expression of CD3ε protein and then activated after the migration into other tissues such as spleen. This hypothesis is strongly supported by our transfer experiment of CFSE-stained lymphocytes.

Flow cytometric analysis of CD3ε protein expression in tissues has been reported in several fish species. Considerably high percentages (10–40%) of CD3ε+ cells were detected among total head-kidney lymphocytes of rainbow trout (40–42) and Japanese flounder (43). The percentages were similar or even higher in head-kidney rather than spleen in these species, although number of CD3ε+ cells was relatively lower in head-kidney, spleen, and PBLs than that in thymus, gill, and intestine, and Western blot analysis showed that head-kidney preparations appeared negative or below the detection limit (40). Present results with the lack of CD3ε protein expression in kidney in cyprinid species do not agree with the abundant presence of CD3ε+ cells in kidney in rainbow trout and flounder. Presence of species-specific differences in fish physiology including immune responses has been reported. For instance, ultraviolet B (UVB) irradiation markedly enhanced the blood respiratory burst and cytotoxic activity in carp, although these parameters were significantly suppressed in the head kidney. In contrast, rainbow trout respiratory burst was affected only after exposure with the highest dose of UVB (44). Atlantic cod lacks the genes for CD4, MHC class II, and invariant chain involved in making and transporting MHC class II (45). However, Atlantic cod is not exceptionally susceptible to disease under natural conditions (46). Instead, Atlantic cod has a highly expanded number of MHC class I genes and unique and markedly expanded TLR genes resulting in the highest number of TLRs found in a teleost. Thus, teleost immune system is greatly diverse among species or fish groups. Accordingly, difference of CD3ε protein expression in kidney between cyprinid and other species may be attributed to the difference among species.

In the present study, we found that majority of CD4-1+ and CD8α+ lymphocytes express lower level of both CD3ε and Zap-70 in the thymus, spleen, and PBL when compared to CD4-1−, CD8α−, and CD3ε+ cells. We found that there are two sIgM-positive lymphocytes in the spleen and kidney of ginbuna, sIgMlow and sIgMhigh. In our previous study, sIgM-positive lymphocytes showed moderate non-specific cytotoxicity, while CD8α+ lymphocytes exhibited high-specific killing of allogeneic target cell lines when effector donor fish were sensitized by alloantigens (26). Furthermore, we also found that sIgMlow cells expressing granzyme and perfolin genes exhibited moderate cytotoxicity against allogeneic target cell lines, although sIgMhigh did not express these genes and showed no cytotoxicity suggesting that sIgMhigh cells are B lymphocytes (unpublished data). It has been reported that activated NK cells express cytoplasmic CD3ε protein in human adult and NK cell clones established from human fetal liver express CD3γ,δ,ε complexes in the cytoplasm but not cell surface (47). Similarly, Phillips et al. (48) has reported that fetal NK cells mediate cytolytic function and express cytoplasmic CD3δ,ε proteins. Furthermore, it has been reported that fish NK cells also express Fc receptor (49). Taken together with previous studies, present results suggest that sIgMlow cells among CD4-1−, CD8α−, and CD3ε+ cells are NK cells with Fc receptor.

Present study revealed that considerable numbers of CD3ε+CD4-1−CD8α− cell populations (approx. 40%) were present in spleen of carp and goldfish as well as ginbuna. It is difficult to conclude that all the populations are NK cells. Recently, lymphocyte populations involved in innate immunity have been discovered in human and mice as “innate lymphocytes,” which includes NK cells and three groups of innate lymphoid cells (ILCs) (50, 51) and “innate-like lymphocytes” including γδT cells invariant NKT (iNKT) cells and mucosal-associated invariant T (MAIT) cells (52). Intracellular expression of CD3ε has been reported in CD4+ ILC1 (53), and it is well known that γδT cells, iNKT, and MAIT cells express CD3ε as innate T cells. Accordingly, we suspect that some of “innate lymphocytes” or “innate-like lymphocytes” are included in CD3ε+CD4-1−CD8α− cells in spleen. In fish, however, no information is available on these newly discovered lymphocyte-like populations except NK cells. Further study on lymphocyte-like populations involved in innate immunity in fish is required to solve the problem.

In conclusion, CD4-1+ and CD8α+ T cells express CD3ε mRNA but not molecule in the head- and trunk-kidney of ginbuna suggesting the lack of surface expression of TCR/CD3 complex. CD4-1+ and CD8α+ T cells in the kidney become positive for the expression of CD3ε after 24 h in in vitro culture and kidney lymphocytes expressed CD3ε in the spleen of recipient when transferred into other individuals belonging to the same clone. These finding indicate that expression of CD3ε was suppressed in kidney and suggest that teleost kidney plays a role as the reservoir of resting mature T lymphocytes, although the precise mechanism of the suppression in CD3ε expression in fish kidney remain unknown.
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FIGURE S1 | Ginbuna CD3ε sequence. (A) Ginbuna CD3ε sequence. Nucleotide and amino acid sequence of ginbuna CD3ε are shown. Predicted signal peptide, extracellular domain, transmembrane region, and cytoplasmic domain are labeled, CXXC motif and ITAM are boxed. Amino acid numbers are at right. (B) Schematic illustration of gCD3ε. Ginbuna CD3ε can be divided into Ig-like domain, CXXC motif, transmembrane region, and ITAM. (C) Amino acid alignment of gCD3ε with Atlantic salmon (NM _001123622) and human (NM _000733.3) CD3ε sequences. The predicted signal peptide and domains are labeled. Residues similar/identical with gCD3ε are gray/black shade respectively. Ig-fold cysteine, CXXC motif and ITAM are boxed, and gaps (–) are indicated. Amino acid numbers are at right. (D) Comparison of ginbuna CD3ε with vertebrates CD3ε, CD3γ, CD3δ, and CD3ζ. Accession number of CD3 sequences are carp CD3ε (XM_019126514.1), takifugu (ta)CD3ε (NM_001037982.1), taCD3γ/δ (NM_001037983.1), taCD3ζ (XM_011608167.1), Japanese flounder (ja)CD3ε (XM_020094967.1), jaCD3γ (XM_020094974.1), jaCD3ζ (XM_020112573.1), salmon (sa)CD3ε (NP_001117094.1), saCD3δ (XM_014162423.1), saCD3ζ (XM_014164569.1), chicken CD3ε (NM_206904.1), mouse (mo)CD3ε (NM_007648.4), moCD3γ (NM_009850.2), moCD3δ, moCD3ζ (NM_001113391.2), human (hu)CD3ε (NP_000724.1), huCD3γ (EF444965.1), huCD3δ (EF444964.1), and huCD3ζ (AK128376.1).

FIGURE S2 | Immuno-precipitation and Western blot analysis. After immuno-precipitation of the thymus and spleen protein samples with anti-gCD3ε Ab, the proteins were detected by western blotting with anti-gCD3ε Ab. Both samples show some bands around 20–25 kDa expected to be gCD3ε and single band around 55 kDa expected to be heavy-chain.

FIGURE S3 | Specificity test of rabbit serum by immune-absorption. Absorption test of gCD3ε Ab was performed using transmembrane deletion mutant (TMDM) recombinant gCD3ε protein. Western blot analysis shows no band when anti-gCD3ε Ab was absorbed with antigen (TMDM rgCD3ε, right), while the Ab not absorbed with the antigen shows positive band (left).

FIGURE S4 | Protein sequencing by LC-MS/MS. Protein sequencing was determined using a protein band reactive with anti-gCD3ε Ab detected by Western blot. LC-MS/MS revealed 28 amino acid residues (gray highlight) and 16.1% of residues matched with gCD3ε amino acid sequence (A). Mass spectrum and fragmentation tables of each amino acid fragments are shown in (B,C), respectively. Peptide sequencing is indicated by matching b ion (red) and y ion (blue) fragments.

FIGURE S5 | Expression analysis of CD3ε in ginbuna tissues by RT-PCR. Total RNA was prepared from peripheral blood leukocytes (PBL), thymus, head-kidney, trunk-kidney, spleen, liver, ovary, intestine, skin, and gill tissues, and used for RT-PCR analysis. ef-1a was used as an internal control. Numbers to the right indicate PCR cycles.

FIGURE S6 | Gene expression analysis of T and B cell related genes in sorted CD3ε+ lymphocytes. Spleen cells were stained with anti-CD3ε Ab as described. Lymphocytes fraction from spleen were gated on FS and SS dot plot and anti-CD3ε Ab positive cells were sorted by FACS. Total RNA was prepared from 1×106 sorted cells and used for RT-PCR analysis. mRNA expression of cd3e, cd4-, tcrb, lck, and igm in sorted lymphocytes were shown. ef-1a was used as an internal control. Numbers to the right indicate PCR cycles.

FIGURE S7 | CD3ε expression in tissues of other cyprinid species. Spleen and kidney leukocytes from carp (A) and goldfish (B) were stained with anti-CD4-1 and CD8α mAbs followed by Alexa Fluor® 488 anti-rat IgG, and stained with anti-gCD3ε Ab or anti-hZAP-70 mAb followed by 647 goat anti-rabbit IgG. Lymphocytes were gated on FS and SS dot plot. Mean ± SD of more than three independent experiments are shown.

FIGURE S8 | Modulation of CD3ε expression. After allo-antigen stimulation (A) or Edwardsiella tarda infection (B), kidney lymphocyte was stained with anti-gCD3ε as described above and analyzed by FACS. Mean ± SD of more than three independent experiments are shown. Statistical significance was calculated using t tests to each gene (ns, not significant; p > 0.05).

FIGURE S9 | FS and SS dot plots of kidney and spleen leukocytes. Lymphocytes, myeloid cells, and granulocytes were gated on FSClow SSClow, FSChigh SSClow, and FSCmed SSChigh population, respectively (A). Lymphocytes from kidney and spleen were gated on FSClow SSClow population. The percentages of anti-CD3ε pAb positive cells were shown in the histogram (B).

FIGURE S10 | Migration of donor cells in recipient organs. CFSE-labeled donor cells were detected in recipient kidney, spleen, and peripheral blood leukocytes (PBL) on the histograms. Mean ± SD of more than three independent experiments are shown.

FIGURE S11 | Effect of in vitro culture on the leukocytes composition. Before in vitro (0 h) culture, leukocytes from kidney are composed of 46.2% of granulocytes, 11.1% of monocytes, and 39.3 % of lymphocytes. Similarly, after in vitro (24 h) culture, leukocytes from kidney are composed of with 50.0% of granulocytes, 7.6% of monocytes, and 32.2% of lymphocytes.
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Primer name Sequence(s’' — 3) GenBank accession number

CDNA cloning

god3eF1 GAAGCCGGAAAAGATGTCAG 3RACE

godseF2 GAGTGAAACCGAAGAACAGC SRACE

ged3eR GGTTTGGGGGACGAGGAG 5RACE

god3eR2 TCTCATAGTCCGGGTTTGG 5RACE

god3eR3 GAGTCTGAGTGTTCAGTTTCTCATA 5RACE

god3e-CDS F TGTCTTCAGGACGATACAGAACG cos

god3e-CDS R CCCTATGAATCACCAGAGTTTGA cos

ged3e-del- TM-F TGTTCTGCCAGAAACAGTGACAGCAAACG T™ deletion

god3e-del- TM-R TCOGCTCAACTCATAGGAGTTCTCACAC ™ deletion

Eukaryotic expression

god3e-rec F CATATGATCTGCACTGGAGGAGACAATAGG Recombinant protein
GTAG

godse-rec R CATATGCTACTTATTGAGGCCTGCGTACAAG Recombinant protein

CCATC

Expression analysis

geftaF ACCCCAAGGCTCTCAATCT aPCR ABA491676
geflaR TCAACGCTCTTGATGACACC aPCR
god3eF CTGCTATGAGTTGAGCGGAGTGAT aPCR LC378416
god3eR CTTCGGTTTGCTGTCACTGTTTCT aPCR
gterbF CCCTGAAGCCCTCTGAAATCG 9PCR AB186399
gterbR TGCTTCCAAGGCTCCATCTT aPCR
92ap70F TCCGAGAGAGAGAAGAATTTGGA aPCR
gzap70R CATTGCGTATTTCCCTGATTTGT aPCR
glokF CCCATCCAGTCAAATACAGCAAA 9PCR AB279594
gickR CTTTCTCAAACCCAAGGTCATC aPCR
In situ hybridization (ISH)
god3e probe-t7 TAATACGACTCACTATAGGGGATGTCAGTG ISH

GAGAAGGAAA
god3e probe-sp6 ATTTAGGTGACACTATAGAAGTCATGTATA ISH

TCTCTCAGTG





