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A B S T R A C T

In order to elucidate the influence of T lymphocytes subpopulations on B lymphocytes immune response, in this
paper, CD4-1+, CD4-2+, CD8+ T lymphocytes and B lymphocytes responses to thymus-independent (TI) or
thymus-dependent (TD) antigen plus immunosuppressant were investigated in flounder (Paralichthys olivaceus).
The results showed that in LPS-immunized group, the percentages of CD4-1+, CD4-2+, CD8β+ T (PCD4-1+ T,
PCD4-2+ T and PCD8β+ T) lymphocytes in peripheral blood leucocytes (PBLs) had no significant variations, the
percentages of IgM+ B (PIgM+ B) lymphocytes and LPS-specific antibodies (LA) significantly increased and
peaked at 3rd or 4th week post-injection; CsA had no inhibition on both T/B lymphocytes and LA; RaPa only
suppressed the PIgM+ B lymphocytes and LA, and the inhibition maximum (Imax) were about 35% and 20%,
respectively. In KLH-immunized group, the PCD4-1+, PCD4-2+ and PCD8β+ T lymphocytes significantly in-
creased and peaked at 3rd or 5th day, successively the PIgM+ B lymphocytes and KLH-specific antibodies (KA)
significantly increased to the peak at 5th week; the PCD4-1+, PCD4-2+ T and PIgM+ B lymphocytes and LA were
inhibited significantly by both CsA and RaPa, and the Imax on them were 13%–33%, 11%–25%, 19%–34%,
22%–26%, respectively, while the PCD8β+ T lymphocytes showed no significant suppression. The results in-
dicated that the suppression of PIgM+ B lymphocytes in KLH + CsA group was not directly derived from CsA,
but due to the suppression of T lymphocytes, especially CD4+ T lymphocytes subpopulations. The results showed
for the first time that, similar to higher vertebrates, T lymphocytes didn't respond to TI antigen, moreover, T
lymphocyte subpopulations had a regulation on the immune response of B lymphocyte for TD antigen in
flounder.

1. Introduction

The thymus-dependent (TD) and thymus-independent (TI) antigens
are defined as whether T cells are involved in the immune response
process. Keyhole Limpet Hemocyanin (KLH) is a typical TD antigen
activating the cellular and humoral immune responses in mammals
[1,2]. Recent studies found that dinitrophenol (DNP)-KLH or fluor-
escein isothiocyanate (FITC)-KLH as a protein-hapten antigen can in-
duce serum or mucosal antibodies production in teleost [3,4]. Lipopo-
lysaccharide (LPS) is a classical B-cell mitogen and TI antigen inducing
the humoral response with increasing serum antibodies levels [5,6].
LPS increased significantly the expression of immune-related genes and
induced antibodies production in fish [7,8]. Additionally, it can en-
hance proliferation of sIg+ lymphocytes and induce apoptosis in fish

lymphocytes by stimulation with LPS [9,10]. Cyclosporine A (CsA), an
immunosuppressant, specifically inhibits mammalian T cells by pre-
venting activation of transcription factors (termed nuclear factor of
activated T cells (NFAT)) involved in cytokine genes expression [11],
and Rapamycin (RaPa) is a crucial regulator of cell metabolism and
proliferation by forming the FK506-binding protein of 12 kDa (FKBP12,
a type of immunophilin)-rapamycin complex to inhibit the activation of
mammalian target of RaPa (mTOR) [12]. Furthermore, CsA and RaPa
have proved to suppress the T/B lymphocytes and immune-related
genes associated with lymphocytes in fish [13,14].

T lymphocytes are subdivided into helper T lymphocytes (Th) and
cytotoxic T lymphocytes (CTLs), defined by the expression of CD4 and
CD8 glycoprotein, respectively. Th (CD4+ T lymphocytes) recognizes
antigens by antigen-presenting cells (APC) with MHC II and facilitates
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B-cells maturation and antibodies production. CTLs (CD8+ T lympho-
cytes) recognize antigens by APC with MHC I and play a pivotal role in
immunosurveillance against virus-infected or transformed cells. Similar
to higher vertebrates, in fish adaptive immunity, T and B lymphocytes
play a crucial role with participating in the cellular and humoral im-
munity, respectively and T lymphocytes influenced the immune re-
sponse of B lymphocytes [13,15,16]. In recent years, two distinct CD4
molecules, CD4 (CD4-1) and CD4REL (CD4L or CD4-2), and CD8 (α and
β chains) surface molecules on teleost T lymphocytes have been iden-
tified. The CD4 or CD8 molecules showed high homology and varied
slightly among fish species. The characterization of CD4, CD8α and
CD8β molecules was reported in Atlantic halibut (Hippoglossus hippo-
glossus) [17,18], CD4-1+, CD4-2+, CD4 double-positive and CD8α+

cells were identified in rainbow trout (Oncorhynchus mykiss) [19,20],
CD4L-1, CD4L-2, CD8α and CD8β genes were expressed in catfish (Ic-
talurus punctatus) [21,22], three CD4 homologues (a CD4-1 molecule
and two CD4-2 molecules) were found in zebrafish (Danio rerio) [23],
and CD4-1, CD4-2, CD8α and CD8β genes were cloned and three CD4+

(CD4-1+ CD4-2+, CD4-1+ CD4-2−, CD4-1− CD4-2+) and CD8β+
lymphocytes detected in flounder (Paralichthys olivaceus) [24,25]. Ad-
ditionally, it was demonstrated that CD4+ and CD8α+ lymphocytes
presented in the ginbuna crucian carp (Carassius auratus langsdorfii) and
CD4+ cells play a major role in a secondary humoral immune response
[26–28]. Furthermore, studies showed that teleost CD4+ cells ex-
pressed Th-specific cytokines and transcription factors, suggesting that
these CD4+ cells possess functions similar to those of mammalian Th-
cells [29,30].

Monoclonal antibodies against flounder IgM and polyclonal anti-
bodies against flounder CD3, CD4-1, CD4-2 and CD8β have been pre-
pared previously in our laboratory [25,31,32]. Additionally, T lym-
phocytes have proven to influence the immune response of B
lymphocytes using the polyclonal antibodies against flounder CD3 [13].
In this paper, the variations of CD4-1+, CD4-2+, CD8β+ T lympho-
cytes, IgM+ B lymphocytes and serum specific antibodies were in-
vestigated after flounder were immunized with KLH or LPS mixed with
Cyclosporine A (CsA) or Rapamycin (RaPa), respectively. The aim is to
elucidate whether T lymphocytes subpopulations have an influence on
the immune response of B lymphocytes in flounder.

2. Materials and methods

2.1. Experimental animals

Healthy flounder (Paralichthys olivaceus, body length: 13 ± 2 cm)
were purchased from a marine farm (Rizhao, Shandong, China). Then
they were maintained in tanks with aerated running seawater at
21 ± 1 °C and fed with commercial dry food pellets daily. After two
weeks, they were used for the immunization experiments. In this study,
the treatment of fish was strictly consistent with the procedures in the
Guide for the Use of Experimental Animals of the Ocean University of
China, and all possible effort was dedicated to minimizing suffering.

2.2. Reagents and antibodies

Keyhole Limpet Hemocyanin (KLH, cat No. H7017),
Lipopolysaccharide (LPS, cat No. L2880), Cyclosporine A (CsA, cat No.
C3662) and Rapamycin (RaPa, cat No. V900930) were purchased from
Sigma, USA, and stored at 4 °C or −20 °C according to the instructions.

Mouse anti-flounder IgM monoclonal antibodies (FIgM-Mab), rabbit
anti-flounder CD4-1 and CD4-2 polyclonal antibodies (FCD4-1-Pab,
FCD4-2-Pab) and mouse anti-flounder CD8β polyclonal antibodies
(FCD8β-Pab) were produced previously in our laboratory [25,31]. In
this study, FIgM-Mab diluted into 1:1000 with PBS were used in Flow
cytometry (FCM) and ELISA, and FCD4-1-Pab, FCD4-2-Pab and FCD8β-
Pab were diluted into 1:1000, 1:1500 and 1:100 with PBS, respectively,
and used in FCM. The working concentrations of antibodies were

determined by pre-experiments using their gradient dilutions.

2.3. Fish immunization experiments

The administration doses were determined to induce effect immune
responses in flounder, and KLH (200 μg fish−1), LPS (200 μg fish−1),
CsA (100 μg fish−1) and RaPa (20 μg fish−1) were diluted in PBS [13].
Fish were randomly assigned to seven groups (180 fish group−1), and
then intraperitoneally injected with a mixture of KLH and CsA
(KLH + CsA group), a mixture of KLH and RaPa (KLH + RaPa group),
single KLH (KLH group), a mixture of LPS and CsA (LPS + CsA group),
a mixture of LPS and RaPa (LPS + RaPa group), single LPS (LPS group),
respectively. As the negative control, fish were injected with PBS of the
same volume (PBS group).

2.4. Preparations of leukocytes and serum

Twelve individuals in each group were randomly sampled at 1st, 3rd,
5th, 7th, 14th, 21st, 28th, 35th and 42th day, respectively. The leukocytes
in peripheral blood (PBLs), spleen (SPLs), and head kidney (HKLs) were
isolated according to the method as described previously [31]. Briefly,
after anaesthetized with MS-222, the peripheral blood was collected
from the caudal vein with 65% RPMI-1640 containing 20 IU mL-1 he-
parin, 0.1% w/v NaN3 and 1% w/v BSA. The head kidney and spleen
were removed and cell suspensions were prepared by squeezing the
tissues with 65% RPMI-1640 described as above on a stainless mesh.
Then the peripheral blood and cell suspensions were centrifuged and
the supernatants were laid over a 1.020–1.070 g/cm3 discontinuous
Percoll density gradient (Sigma). After centrifuged at 840×g for
30min, the cell layers from the Percoll interface were collected and
washed three times with PBS containing 5% (v/v) new-born calf serum.
Finally, the leukocytes from every four individuals were pooled and
adjusted to 1.0×106 cells mL−1 with PBS, respectively, and then used
in FCM.

For serum preparation, blood was collected from nine individuals in
each group at 1st, 2nd, 3rd, 4th, 5th and 6th week post-injection, re-
spectively, and then serum were isolated according to the method as
previously described [33]. Finally, the serum from every three in-
dividuals were pooled, and used in ELISA.

2.5. Flow cytometry

The PBLs, SPLs and HKLs were incubated with FIgM-Mab, FCD4-1-
Pab, FCD4-2-Pab and FCD8β-Pab as the primary antibody at 37 °C for
1 h, respectively and either FITC-conjugated goat-anti-mouse IgG
(1:256, Sigma, USA) or Alexa Fluor® 647-conjugated goat-anti-rabbit
IgG (1:1000, Thermo Fisher Scientific, USA) as the secondary antibody
in the dark at 37 °C for 45min. After each incubation, they were washed
three times with PBS containing 5% (v/v) Newborn Calf Serum. Finally,
the cells suspensions were analyzed by Accuri C6 flow cytometer (BD,
USA). The myeloma culture supernatant instead of FIgM-Mab and non-
immunized rabbit or mouse serum instead of rabbit or mouse poly-
clonal antibodies were used as negative control. The experiments were
repeated thrice.

2.6. Detection of serum specific antibodies by ELISA

ELISA was carried out according to a previous method [13]. In brief,
KLH or LPS (5 μgmL−1 diluted in ddH2O) were coated on microplates
(Costar, 96-well) overnight at 4 °C. After washed three times with PBST
(PBS containing 0.05% Tween-20), they were blocked with 3% BSA at
37 °C for 1 h. Then they were incubated with serum (1:100 diluted in
PBS) as primary antibody at 37 °C for 1 h, FIgM-Mab (1:1000 diluted in
PBS) as secondary antibody at 37 °C for 1 h, and goat-anti-mouse Ig-
alkaline phosphatase conjugate (diluted 1:5000 in PBS, Southern Bio-
tech) as third antibody at 37 °C for 1 h. After each incubation, they were
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washed three times as above, and then 0.1% (w/v) p-nitrophenyl
phosphate (pNPP, Sigma, USA) was added and incubated for 30min at
room temperature in the dark. Finally, the absorbance was measured at
405 nm by an automatic ELISA reader (Molecular Devices). The ex-
periments were repeated thrice.

2.7. Statistics

All the data were analyzed using Statistical Product and Service
Solution (SPSS) 20.0 software (IBM, Armonk, NY, USA) with a one-way
analysis of variance (ANOVA) and graphics rendering was done with
OriginPro 8.0. The results were shown as the mean ± SEM, and dif-
ferences were considered significant at p < 0.05. Additionally, the
inhibition rate was calculated according to the following formula:
Inhibition rate = (values in KLH/LPS groups – that in KLH/LPS + CsA/
RaPa groups)/values in KLH/LPS groups × 100%. The inhibition
maximum (Imax) was the maximum inhibition rates in KLH/
LPS + CsA/RaPa groups.

3. Results

3.1. The analysis of gating strategy for flow cytometry

The leukocytes from the peripheral blood, spleen and head kidney
after labeled by FIgM-Mab, FCD4-1-Pab, FCD4-2-Pab or FCD8β-Pab
were analyzed by flow cytometry. The cell granularity and cell size
were indicated by Side-scatter (SSC) and Forward-scatter (FSC) para-
meters, respectively, and the major cells population containing
10,000 cells was gated to analyze the positive percentage of lympho-
cytes. FITC-labeled cells and Alexa Fluor® 647-labeled cells were de-
termined with Fluorescent light (FL)-1 and FL-4, respectively. The gated
lymphocytes in SSC/FSC dot plots and fluorescence histograms for the
maximum of CD4-1+, CD4-2+, CD8β+ T and IgM+ B lymphocytes

were shown in Fig. 1.

3.2. Variations of CD4-1+, CD4-2+ and CD8β+ T lymphocytes after LPS
immunization

After LPS immunization, variations of the PCD4-1+, PCD4-2+ and
PCD8β+ T lymphocytes in PBLs were consistent and shown in Fig. 2.
The PCD4-1+, PCD4-2+ and PCD8β+ T lymphocytes showed no sig-
nificant increase and remained a relatively stable level, similar to that
in control group throughout the experiment (p < 0.05). In addition, in
LPS + CsA and LPS + RaPa groups, CsA or RaPa had no significant
suppression on the PCD4-1+, PCD4-2+ and PCD8β+ T lymphocytes
when compared to that in LPS group (p < 0.05).

3.3. Variations of IgM+ B lymphocytes and serum specific antibodies after
LPS immunization

After LPS immunization, the PIgM+ B lymphocytes and LA sig-
nificantly increased on the 1st week or 2nd week and reached the peak
on the 3rd or 4th week, then decreased gradually until the end of the
experiment (p < 0.05). From the 1st week to the 6th week, the PIgM+ B
lymphocytes in LPS + RaPa group were lower than that in both
LPS + CsA and LPS groups, but there was no significant difference
between LPS + CsA and LPS groups (p < 0.05). From the 2nd week to
the 6th week, the LA in LPS + RaPa group were lower than that in
LPS + CsA and LPS groups, and there was no significant difference
between LPS + CsA and LPS groups (p < 0.05) (Fig. 3). Additionally,
the peak value of PIgM+ B lymphocytes and LA and the Imax of CsA
and RaPa were presented in Table 1.

Fig. 1. Flow cytometry analysis of lymphocytes reacted with rabbit anti-flounder CD4-1 and CD4-2 polyclonal antibody, mouse anti-flounder CD8β polyclonal
antibody and mouse anti-flounder IgM monoclonal antibody, respectively. A1, B1, C1: Side-scatter (SSC)/Forward-scatter (FSC) dot plots in peripheral blood
leucocytes (PBLs), spleen leucocytes (SPLs) and head kidney leucocytes (HKLs), respectively; A2-A5, B2-B5, C2-C5: fluorescence histograms of the maximum of CD4-
1+, CD4-2+, CD8β+ T and IgM+ B lymphocytes, respectively.
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3.4. Variations of CD4-1+, CD4-2+ and CD8β+ T lymphocytes after KLH
immunization

After KLH immunization, the PCD4-1+, PCD4-2+ and PCD8β+ T
lymphocytes in PBLs, SPLs and HKLs significantly increased at the 1st

day and reached the peak on the 3rd or 5th day, then decreased gra-
dually until the 21st or 28th day and maintained a similar level to the
negative control group until the end of the experiment (p < 0.05). The
PCD4-1+ and PCD4-2+ T lymphocytes in KLH + CsA and KLH + RaPa
groups were significantly lower than that in KLH group at the 3rd - 7th

day (p < 0.05). However, the PCD8β+ T lymphocytes showed no
significant difference among KLH+ CsA, KLH+ RaPa and KLH groups,
(p < 0.05) (Fig. 4). And the peak value of PCD4-1+, PCD4-2+ and
PCD8β+ T lymphocytes and the Imax of CsA and RaPa in PBLs, SPLs
and HKLs were shown in Table 2.

3.5. Variations of IgM+ B lymphocytes and serum specific antibodies after
KLH immunization

After KLH immunization, the PIgM+ B lymphocytes and KA sig-
nificantly increased on the 1st week and peaked on the 5th week, then
showed reduction gradually until the end of the experiment
(p < 0.05). From the 2nd week to the 6th week, the PIgM+ B lym-
phocytes in both KLH + CsA and KLH + RaPa groups were sig-
nificantly low compared with KLH group (p < 0.05). And KA in both
KLH + CsA and KLH + RaPa groups was lower than that in KLH group
during the 1st - 6th week (Fig. 5). The peak value of PIgM+ B

lymphocytes and KA and the Imax of CsA and RaPa in PBLs, SPLs and
HKLs were presented in Table 2.

4. Discussions

In this study, KLH or LPS, as TD or TI antigen, were selected to
induce the immune responses of T and B lymphocytes in flounder. The
results showed that for KLH immunization, CD4-1+, CD4-2+, CD8β+ T
and IgM+ B lymphocytes and KA significantly increased, and for LPS
immunization, only IgM+ B lymphocytes and LA showed a significant
increase. The results were consistent with that in mammals, suggesting
that KLH and LPS worked well as TD or TI antigen, respectively for this
study. Similarly, in other fish species, CD4+ T cells remarkably in-
creased when CD4+ T cells sorted from Zebrafish (Danio rerio) treated
with KLH in vivo were co-cultured with KLH-loaded dendritic cells
(DCs) [34]. In fugu (Takifugu rubripes), surface-Ig (sIg)+ lymphocytes
showed mitogenesis by stimulation with LPS, but CD8+ lymphocytes/
thrombocytes didn't respond to LPS [9].

After KLH immunization, CD4-1+, CD4-2+, CD8β+ T lymphocytes
in PBLs, SPLs and HKLs significantly increased within 7 days.
Interestingly, CD8β+ T lymphocytes responded not as much as CD4-1+

and CD4-2+ T lymphocytes. Some recent studies on T-cell immunity
have suggested that teleost CD8+ cytotoxic T cells (CTLs) play a pivotal
role in antiviral immunity and protecting against intracellular bacteria
infections, similar to that in mammals [35–37]. Additionally, as the
model antigen of TD antigen, KLH can activate mouse immune cells and
enhance the activity of CD4+ T cells more than CD8+ T cells [38].

Fig. 2. Variations of CD4-1+, CD4-2+ and CD8β+ T lymphocytes in PBLs after immunization with LPS + CsA, LPS + RaPa and LPS, respectively. The results are
presented as mean ± SEM (n = 3). Different letters on the bars indicate the statistical significance at each time point (p < 0.05). A: CD4-1+ T lymphocytes; B: CD4-
2+ T lymphocytes; C: CD8β+ T lymphocytes.

Fig. 3. Variations of IgM+ B lymphocytes in PBLs and LPS-specific antibodies after immunization with LPS + CsA, LPS + RaPa and LPS, respectively. The results are
presented as mean ± SEM (n = 3). Different letters on the bars indicate the statistical significance at each time point (p < 0.05). A: IgM+ B lymphocytes; B: LPS-
specific antibodies.
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FIgM-Mab, FCD4-1-Pab, FCD4-2-Pab and FCD8β-Pab were crucial
probes in this study, and they made it possible to analyze the IgM+ B
cells and CD4-1+, CD4-2+, CD8β+ T cell subpopulations in flounder,
respectively. Our previous work has verified the specificity of the an-
tibodies by Western blotting, FCM and immunofluorescence assay (IFA)
[25,31]. For these polyclonal antibodies against CD4-1, CD4-2, CD8β,
the pre-experiments for working concentration setting were performed.
The final dilution concentrations used in this study were determined to
ensure both the positive results and the sufficient antibodies for positive

cells in FCM. Also the positive cells had slight variation compared with
our previous study, it was related to fish health status, developmental
stage, size, water temperature etc. [19,20,25,37].

An important result from LPS-immunized group is that CD4-1+,
CD4-2+,CD8β+ T lymphocytes had no response to LPS, and the IgM+ B
lymphocytes and LA showed no inhibition by CsA, indicating that CsA
would not directly inhibit B lymphocytes in flounder. This is similar to
that in mammals, and CsA might be T lymphocytes inhibitor.
Additionally, in KLH-immunized groups, PBLs, SPLs and HKLs were

Table 1
The peak value of CD4-1+, CD4-2+, CD8β+ T and IgM+ B lymphocytes and LPS-specific antibodies in three LPS-immunized groups and the inhibition maximum
(Imax) of CsA and RaPa.

LPS + CsA group LPS + RaPa group LPS group

peak (mean ± SEM) Imax (mean ± SEM) peak (mean ± SEM) Imax (mean ± SEM) peak (mean ± SEM)

CD4-1+ T lymphocytes PBLs 6.67% ± 0.32% – 6.73% ± 0.31% – 6.69% ± 0.34%
CD4-2+ T lymphocytes PBLs 4.99% ± 0.25% – 4.92% ± 0.27% – 4.97% ± 0.32%
CD8β+ T lymphocytes PBLs 2.32% ± 0.11% – 2.38% ± 0.12% – 2.35% ± 0.09%
IgM+ B lymphocytes PBLs 21.86% ± 0.29% – 16.71% ± 0.43%* 35.21% ± 0.25%* 21.46% ± 0.47%
LPS-specific antibodies 0.194 ± 0.003 – 0.160 ± 0.001* 20.21% ± 2.23%* 0.197 ± 0.001

*represented the statistical significant difference when compared to that in LPS group (ANOVA, p < 0.05).
- represented that there was no Imax shown.

Fig. 4. Variations of CD4-1+, CD4-2+ and CD8β+ T lymphocytes in PBLs, SPLs and HKLs after immunization with KLH + CsA, KLH + RaPa and KLH, respectively.
The results are presented as mean ± SEM (n = 3). Different letters on the bars indicate the statistical significance at each time point (p < 0.05). A1, A2, A3: CD4-
1+ T lymphocytes in PBLs, SPLs and HKLs; B1, B2, B3: CD4-2+ T lymphocytes in PBLs, SPLs and HKLs; C1, C2, C3: CD8β+ T lymphocytes in PBLs, SPLs and HKLs.
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used, however, in LPS-immunized groups, only PBLs were sampled, this
is because that there were no immune response for T lymphocytes to
LPS and the KLH results also showed T/B lymphocytes had similar
variation among PBLs, SPLs and HKLs. It could be deduced that the
variations of T lymphocytes subpopulations and B lymphocytes in SPLs
and HKLs were consistent with that in PBLs.

In the present study, KLH-stimulated CD4-1+ T, CD4-2+ T and
IgM+ B lymphocytes and KA were suppressed significantly by both CsA
and RaPa, and LPS-stimulated IgM+ B lymphocytes and LA were in-
hibited by RaPa, which were consistent with inhibition of CsA and RaPa
on lymphocytes in mammals [39,40]. An early work showed that the
cellular and antibodies response to KLH was inhibited by cyclosporin in

Table 2
The peak value of CD4-1+, CD4-2+, CD8β+ T and IgM+ B lymphocytes and KLH-specific antibodies in three KLH-immunized groups and the inhibition maximum
(Imax) of CsA and RaPa.

KLH + CsA group KLH + RaPa group KLH group

peak (mean ± SEM) Imax (mean ± SEM) peak (mean ± SEM) Imax (mean ± SEM) peak (mean ± SEM)

CD4-1+ T lymphocytes PBLs 7.89% ± 0.19%* 32.56% ± 1.35%* 8.52% ± 0.25%* 25.58% ± 1.15%* 10.80% ± 0.19%
SPLs 11.70% ± 0.14%* 18.92% ± 0.68%* 12.87 ± 0.16%* 13.05% ± 0.85%* 14.43% ± 0.31%
HKLs 16.57% ± 0.19%* 18.09% ± 0.42%* 17.68% ± 0.25%* 12.61% ± 0.56%* 20.23% ± 0.29%

CD4-2+ T lymphocytes PBLs 6.84% ± 0.11%* 25.00% ± 0.95%* 7.23% ± 0.18%* 19.54% ± 1.15%* 8.98% ± 0.14%
SPLs 11.80% ± 0.34%* 15.44% ± 0.35%* 12.50 ± 0.26%* 11.03% ± 0.82%* 13.91% ± 0.34%
HKLs 15.20% ± 0.34%* 15.27% ± 1.08%* 15.95% ± 0.06%* 12.64% ± 0.79%* 17.94% ± 0.11%

CD8β+ T lymphocytes PBLs 4.05% ± 0.05% – 4.10% ± 0.08% – 4.30% ± 0.12%
SPLs 5.90% ± 0.08% – 5.70% ± 0.14% – 5.80% ± 0.23%
HKLs 5.75% ± 0.08% – 5.85% ± 0.07% – 6.05% ± 0.09%

IgM+ B lymphocytes PBLs 15.80% ± 0.15%* 33.62% ± 1.47%* 16.65% ± 0.35%* 29.75% ± 1.46%* 23.70% ± 0.46%
SPLs 15.55% ± 0.35%* 26.17% ± 0.68%* 16.32% ± 0.35%* 22.34% ± 0.54%* 20.87% ± 0.36%
HKLs 16.65% ± 0.38%* 24.93% ± 1.27%* 18.00% ± 0.35%* 18.55% ± 0.96%* 22.10% ± 0.46%

KLH-specific antibodies in serum 0.206 ± 0.003* 25.86% ± 1.13%* 0.215 ± 0.001* 22.32% ± 1.54%* 0.277 ± 0.008

*represented the statistical significant difference when compared to that in KLH group (ANOVA, p < 0.05).
-represented that there was no Imax shown.

Fig. 5. Variations of IgM+ B lymphocytes in PBLs, SPLs and HKLs and KLH-specific antibodies after immunization with KLH + CsA, KLH + RaPa and KLH,
respectively. The results are presented as mean ± SEM (n = 3). Different letters on the bars indicate the statistical significance at each time point (p < 0.05). A1,
A2, A3: IgM+ B lymphocytes in PBLs, SPLs and HKLs; B: KLH-specific antibodies.
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normal humans [41]. In KLH-immunized rats, CsA caused complete
suppression of the KLH-specific IgM and IgG production, and sig-
nificantly inhibited CD3+CD4+, but not CD3+CD8+ in spleen cells
[42]. The proliferation of T lymphocytes after PHA stimulation was
specifically inhibited by CsA, but the proliferation of B lymphocytes
after LPS stimulation was not inhibited in channel catfish (Ictalurus
punctatus), which was similar to that in this study [14]. Furthermore, it
was demonstrated from the results that the inhibition of B lymphocytes
and KA in KLH + CsA group were not directly derived from CsA, but
due to the suppression of T lymphocytes, especially CD4+ T lympho-
cytes subpopulations. CsA or RaPa inhibited the CD4-1+ and CD4-2+ T
lymphocytes, then B lymphocytes immune response was suppressed,
decreasing antibodies production. Additionally, our pre-experiments
have found that the responses of T/B lymphocytes and immune-related
genes associated with lymphocytes in PBS + CsA and PBS + RaPa
groups were similar to that of PBS group, and they were no significant
variations among the three groups. Therefore, in this study, negative
control was used with PBS instead of PBS + CsA and PBS + RaPa.

Meantime, the study found that the immune responses of B lym-
phocytes and KA which peaked at 5th week lagged, compared to CD4-
1+ and CD4-2+ T lymphocytes peaked at 5th day in KLH-immunized
groups. A recent study also showed that CD4-1+ and CD4-2+ T subsets
increased significantly before the response of B lymphocytes and anti-
bodies production when stimulated with virus or inactivated-virus in
flounder [37]. Based on the results here, it was further indicated that
CD4+ T lymphocytes had a regulation on the immune response of B
lymphocytes, stimulating antibodies production in flounder [43,44].
Similarly, in clonal ginbuna crucian carp (Carassius auratus langsdorfii),
it was demonstrated that CD4+ cells help to induce a secondary anti-
body response [28]. Another study also demonstrated that Th-like cells
clone expressing CD4-1 from common carp (Cyprinus carpio) shared
some features with mammalian Th2 cells, suggesting that CD4+ cells
play an important role in humoral immunity [30]. Further study is
needed to reveal the specific mechanism about the interaction of T
lymphocytes subpopulations and B lymphocytes by using T lympho-
cytes subpopulations lineage or costimulatory molecules expressed on T
and B cells surface in teleost [16,30].

Our previous study through qPCR analysis have proven that KLH
could induce the upregulation of CD4-1, CD4-2, CD8-α, CD8-β, MHC I,
MHC II, IgM, CD40 and IFN-γ genes in spleen and head kidney tissues,
and both CsA and RaPa could inhibit their expression [13]. Moreover,
RT-PCR analysis of immunomagnetic bead sorted cells with the CD4-1,
CD4-2 and CD8β antibodies was performed to confirm the expression
profiles of CD3ε, TCR-α, TCR-β, CD4-1, CD4-2, CD8-α, CD8-β, IgM and
IgT genes in our previous work [25]. Variations of lymphocytes sub-
population related genes in sorted cells may be more supportable,
however, it will be impracticable that large amounts of individuals
sampled from seven groups and ten time points in this study, and it is
recommended that expression of lymphocytes subpopulation related
genes in sorted T cells subsets at a certain time point is detected in
future research.

In conclusion, the study indicated that KLH can activate the re-
sponse of CD4+, CD8+ T lymphocytes subpopulations and B lympho-
cytes, but LPS only induced B lymphocytes and antibodies production
in flounder. Both CsA and RaPa could inhibit the immune response of
lymphocytes, but CsA specifically suppressed T lymphocytes and then B
lymphocytes immune response was suppressed. Additionally, CD4+ T
lymphocytes subpopulation showed a regulation on the immune re-
sponse of B lymphocytes, stimulating antibodies production in flounder,
which provide a good reference for the functions of T lymphocytes
subpopulations and B lymphocytes in teleost.
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