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CD28 is well known as a critical T-cell costimulatory receptor involved in T cell activation by
binding to its ligands. In this study, CD28 was cloned, and its expression profiles were
characterized in flounder (Paralichthys olivaceus); variations of CD28+ cells after being
stimulated with different types of antigens and the function of the CD28 costimulatory
pathway on T-cell activation were investigated in vitro. fCD28 consists of four exons and
three introns, and the full-length cDNA of fCD28 was 675-bp encoded 224 amino acids.
The conserved motif (121TFPPPF126) binding to the CD80/86 ligand exists in the Ig-
superfamily homology domain. The high expression of fCD28 is in gills, PBLs, head kidney,
and spleen. CD28+ cells were co-localized with CD4+ T lymphocytes but not on IgM+ B
lymphocyte cells. Moreover, the expression of CD28 was significantly varied in flounder
after being stimulated by keyhole limpet hemocyanin (KLH) at both the transcriptional and
cellular levels, while no significant differences were observed between lipopolysaccharide
(LPS) stimulation and the control group. Notably, treatment of PBLs cultured in vitro with
CD28 molecule-specific antibody (anti-CD28 Abs) and PHA produced more cell colonies
and stimulated the proliferation of cultured leukocytes compared to PHA stimulation alone
and the control group, and a higher level of IL-2 was detected in the culture medium.
Meanwhile, anti-CD28 Abs increased the percent of CD28+ cells (10.41 ± 1.35%), CD4+
T lymphocytes (18.32 ± 2.15%), and CD28+/CD4+ double-positive cells (6.24 ± 1.52%).
This effect also resulted in significant variations in the genes of cell membrane-bound
molecules, cytokines, and related signaling pathways in cultured leukocytes, with
significant changes in the genes of interleukin-2 (IL-2) and nuclear factor of activated T
cells (NFAT) in the early stages of culture, and the expression of other molecules increased
over time. These results proved the localization of the CD28 molecule on T lymphocytes in
flounder, and anti-CD28 may act as the B7 ligand involved in T cell activation after antigen
stimulation. These data provide a basis for a more in-depth study of the mechanism of the
CD28 costimulatory pathway in T cell activation.
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INTRODUCTION

T lymphocytes as an important type of leukocyte are an integral
and essential part of the host cellular immune response (1). Cells
could directly kill cells that are infected by viruses and other
intracellular microbes or release signal molecules to recruit
macrophages to destroy phagocytosed invading microbes (2).
In other cases, activating T cells could also release cytokines and
help B lymphocytes to produce antibodies (1, 3). Full activation
of naïve T cells is a complex process; only the combination of the
T cell receptor (TCR) with antigenic peptide complexed with
major histocompatibility complex (MHC) is insufficient. Indeed,
the engagement of the second signal has been confirmed to
decrease the threshold of T cell activation and avoid the
phenomenon of T cell anergy (4–6).

CD28, a best-characterized co-stimulation molecule expressed
on T cells, is a type I transmembrane glycoprotein of the Ig
superfamily and constitutively expressed on the surface of 80%
CD4+ T cells and 50% CD8+ T cells in the human model and
100% on both CD4+ and CD8+ T cells in the mouse model (7, 8).
Structurally, the CD28 monomer usually consists of a signal
peptide, an extracellular V-set immunoglobulin superfamily
(IgSF) domain, a transmembrane region, and a cytoplasmic tail
and functions as a glycosylated, disulfide-linked homodimer.
CD28 interacts with the B7 molecule expressed on antigen-
presenting cells (APCs, including macrophages, dendritic cells,
B lymphocytes) through the conversed motif “MYPPPY” within
the IgV-like domain (9, 10). The B7 family contains two
members-B7-1 (CD80) and B7-2 (CD86); they both bind to
CD28 molecules through the MYPPPY motif, but their binding
abilities are different, with CD80 binding more strongly to CD28
than CD86 (11). However, cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), a molecule highly similar to CD28, performs
the opposite immunological function of CD28. CTLA-4 binds the
B7 molecule with a higher affinity than CD28 does, thereby
maintaining homeostasis by competitively binding CD28
ligands and inhibiting T-cell activation (12, 13). The role of
CD28 molecules in T cell activation is complex. When the T
cells receive the first signal (peptide-MHC complex) delivered by
APCs, the intracellular tyrosine within the conversed motif
“YMNM” of CD28 bound to the B7 molecule is phosphorylated
(8). The p85 regulatory subunit of PI3K is recruited, and binding
to the “YMNM” motif in turn activates PI3K. Activated PI3K
converts phosphorylation of phosphatidylinositol biphosphate
(PIP2) into phosphatidylinositol 3-phosphate (PIP3) which
promotes activation of protein kinase B (PKB/Akt), and then
PKB/Akt phosphorylates its downstream functional molecule
including mTOR, IkB, and GSK3b (14–16). Finally, CD28
cooperates with TCR leading to the transcriptional activation of
NFAT, AP-1, and NF-kB transcription factors. The activation of
NF-kB and NFAT induces upregulated transcription of both Bcl-
xL, which favors T-cell survival, and IL-2, which is an important
T-cell cytokine required for proliferation (17). Additionally, the
CD28 signal also activates the JnK cascade, and activated JnK
phosphorylates transcription factors Jun, thereby activating
the AP-1 complex to regulate cell proliferation (18, 19). Based
on the important role of CD28 as costimulatory molecules, the
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combined use of CD28 and CD3 antibodies is the best method for
activating T cells in vitro in humans (20–23), althoughmany non-
specific mitogens like PHA (phytohemagglutinin) (24, 25) or Con
A (Concanavalin A) also provide activation signals to T cells in
different ways (26).

Given the fundamental position of fish in the vertebrate
phylogeny, the study of their immune system has gained more
attraction. Current studies have demonstrated that the basic
components of the mammalian immune system (B and T
lymphocytes, MHC, CDs, cytokines, etc.) are also present in
fish (27, 28). Recently, more CD28 homologs had been identified
in teleost including Half-smooth tongue sole (C. semilaevis) (29),
Nile tilapia (O. niloticus) (30), European sea bass (D. labrax)
(31), rainbow trout (O. mykiss) (32), river pufferfish (T. obscurus)
(33), and rock bream (O. fasciatus) (34). The authors have
confirmed that CD28 molecules were constitutively expressed
in various tissues of fish and they show different expression
profiles in response to stimulation by bacterial or viral stimuli.
Moreover, Huang et al. describe in their study that CD28
molecules can bind to CD80/86 molecules at the protein level
in tilapia (30). In half-smooth tongue sole, the CD28 polyclonal
antibody was able to proliferate head kidney lymphocytes and
cause upregulation of IL-2 expression (29). Therefore, given
these observations, it has been suggested that CD28 molecules
may play a similar function as a CD28 homolog in mammals.

However, these studies have not delineated the distribution
characteristics of the CD28 molecule in different types of
lymphocytes in fish and their response characteristics to KLH,
PHA, and LPS which are usually distinguished by the need for T-
cell involvement in the induction of an immune response (35,
36). In the present study, we aim to elucidate the structural
features, distribution of lymphocytes, and importance in T/B cell
immune response. Here we cloned the CD28 homolog from
flounder (Paralichthys olivaceus) and characterized the
expression in different tissues. Further, the distribution
characteristics of CD28 molecules in different leukocyte
subpopulations were investigated by the prepared anti-CD28-
specific antibodies. In addition, we also confirmed that the co-
action of PHA with specific antibodies to CD28 molecules is
associated with T cell activation. Those results provide more
basic features and functions of the CD28 and provide a
promising approach to T activation in teleost.
MATERIALS AND METHODS

Animals, Cells, and Antibodies
Healthy flounder (P. olivaceus) of 50 ± 5.8 g or 1 ± 0.1 kg were
purchased from a farm in Rizhao, Shandong Province, PR China,
andmaintained in the aerated recirculating seawater system at 20 ±
2°C for 2 weeks. The flounder with no clinical symptoms
determined by general appearance and level of activity were used
in the following experiments.

New Zealand white rabbits (∼1 kg) and Balb/C (~30 g) mice
were purchased from Qingdao Animal Experimental Center
(Shandong, China) and then used for antibody production.
November 2021 | Volume 12 | Article 765036
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HINAE cells, provided by Dr. Ikuo Hirono of Tokyo
University of Marine Science and Technology (37), were
cultured in Leibovitz’s L-15 medium containing 10% FBS, 100
IU/ml penicillin, and 100 mg/ml streptomycin.

Mouse polyclonal antibodies against flounder IL-2 (diluted at
1:500) and monoclonal antibodies against flounder IgM (diluted
at 1:1,000), CD4-1 (diluted at 1:1,000), and CD4-2 (diluted at
1:1,000) were previously produced in our laboratory (38–40).
The secondary antibodies included DyLight 488 (Abbkine;
diluted at 1:1,000) rabbit or mouse IgG, DyLight 649 (Abbkine;
diluted at 1:1,000) rabbit or mouse IgG, alkaline phosphatase
(AP)-conjugated goat anti-rabbit IgG (H + L) (Abbkine; diluted
at 1:5,000), and HRP-conjugated goat anti-mouse IgG (Abbkine;
diluted at 1:5,000).

Gene Cloning of CD28 in Flounder
Total RNA from tissues (spleen and head kidney) was extracted
from flounder using TRIzol Reagent (Invitrogen, USA) and the
first-strand synthesis using PrimeScript™ First-Strand cDNA
Synthesis Kit (Takara, China). Total Genomic DNA from head
kidney was extracted using a TIANampMarine Animals DNA Kit
(Tiangen, China) according to the manufacturer’s instructions.
The CD28 sequences of C. semilaevis, O. niloticus, or D. labrax
were used to search the flounder transcript database published on
the National Center for Biotechnology Information (NCBI; http://
www.ncbi.nlm.nih.gov) through BLASTn or BLASTp. Based on
the partial sequence searched, specific primers were designed by
Primer Premier 5.0 (listed in Table 1 of the Supplemental
Material) to extend the 3′ and 5′ untranslated region (UTR)
using cDNA from the spleen by the rapid amplification of cDNA
ends (RACE) method. All PCRs were performed in a 50-ml
reaction containing Ex Taq 0.25 ml, 10× Ex Taq buffer 5 ml,
dNTPmixture 4 ml, forward primer 1.5 ml (10 mM), reverse primer
1.5 ml (10 mM), cDNA 2 ml, and DEPC H2O 35.75 ml. The
thermocycling program was 98°C for 1 min, 35 cycles of 98°C
for 10 s, 60°C for 30 s, and 72°C for 1 min, followed by a final
extension period of 72°C for 5 min. The PCR products were
electrophoresed on 1% agarose gels, and the expected segment was
extracted using EasyPure® Quick Gel Extraction Kit (TransGen,
China) and cloned into the pClone007 Simple Vector (Tsingke,
China). Following transformation into competent E. coli DH5a
cells (TransGen, China), positive clones were screened by
ampicillin selection and colony PCR and then sequenced by
Tsingke Biological Technology (Qingdao, China).

Sequence Analysis
The full-length CD28 cDNA was assembled by DNAman and
mapping the intron/exon composition of the CD28 molecule by
comparing the genomic CD28 sequence with the CD28 cDNA
sequence obtained by cloning. The potential open reading frame
(ORF) was analyzed with the Finder program (https://www.ncbi.
nlm.nih.gov/orffinder/). The protein analysis was conducted with
the ExPASy tools (http://expasy.org/tools/). The signal peptide
and the TM domain of the deduced protein sequences were
predicted with the programs SignalP (http://www.cbs.dtu.dk/
services/SignalP/) and TMHMM (http://www.cbs.dtu.dk/
Frontiers in Immunology | www.frontiersin.org 3
services/TMHMM/), respectively. Multiple-sequence alignment
was performed with the ClustalX program and the DNAman
software. Phylogenic trees were constructed using the neighbor-
joining method with MEGA software (Version 6.0) and were
bootstrapped 1,000 times. Phosphorylation sites were predicted
with the NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/
NetPhos-2.0/). Secondary and 3D structures were analyzed
using SMART, SWISS-MODEL, and I-TASSER (https://
zhanglab.ccmb.med.umich.edu/I-TASSER/).

Expression Profiles of the CD28 Gene
A total of 18 flounder (50 ± 5.8 g) were used for detecting the
expression of fCD28 in various tissues. Seven tissues including
intestine, liver, PBLs, muscle, head kidney, spleen, and gills were
sampled from nine healthy fish killed by overdose benzocaine
(Sigma-Aldrich). To detect the variety of CD28 after being
injected with KLH (Sigma, USA), a total of 180 flounder (50 ±
5.8 g) were intraperitoneally injected with 200 mg/fish KLH and
the control group was injected with an equal amount of PBS.
PBLs, head kidney, and spleen were randomly collected from
nine individuals in each group at various periods. All the tissues
had been flushed by PBS to remove blood. The expression levels
were examined by real-time qPCR.

Preparation of Recombinant Protein and
Production of Antibodies
Primers used to amplify the CD28 sequence without the signal
peptide and amplify the full length of CD28 are listed in Table 1 (in
the Supplemental Material). The PCR product was purified and
ligated to the HindIII and BamHI restriction enzymes of pET-28a
vector (TaKaRa, Japan) or pTagRFP-N vector (Evrogen, Russia).
Then, the recombinant prokaryotic plasmids were transformed into
Escherichia coli BL21 Star (DE3) and induced by adding 1 mM
isopropyl thiogalactoside (IPTG) for 12 h at 37°C. The recombinant
proteins with a 6-Histidine tag at the N-terminus were affinity-
purified using His Trap™ HP Ni-Agarose (GE Healthcare China,
Beijing, China). The recombinant eukaryotic plasmid was extracted
using the EndoFree plasmid Kit (Tiangen, China) following the
manufacturer’s protocol. Then, the concentration of the plasmid
was adjusted to 500 ng/ml with sterile PBS for transfection.

The purified recombinant protein was resuspended in sterile
PBS. New Zealand white rabbits and Balb/c mice were
immunized with the recombinant CD28 recombinant proteins
(600 mg for rabbits and 50 mg for mice, respectively) in Complete
Freund’s adjuvant (Sigma, USA) on day 1 and in Incomplete
Freund’s adjuvant (Sigma, USA) on days 14, 28, and 42. Five days
after the final immunization was administered, antiserum was
collected from animals. After being purified, the Abs titers were
determined by ELISA, and the specificity was characterized by
Western blot.

Variation of CD28+ Cells in Flounder After
Stimulation of KLH and LPS
A total of 240 healthy flounder (50 ± 5.8 g) were used for
detecting the variation of CD28+ cells in flounder after
stimulation of KLH and LPS. Flounder were randomly divided
November 2021 | Volume 12 | Article 765036
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into three groups with 120 fish in each one. One of the
immunized groups was intraperitoneally injected with 200 mg/
fish KLH. The other immunized group was also immunized with
200 mg/fish lipopolysaccharide (LPS, Sigma, USA), a thymus-
independent antigen. As the control group, fish were injected
with the same volume of PBS. The leukocytes in peripheral blood
were isolated by discontinuous Percoll (Pharmacia) gradient
(1.020/1.070) on the 1st, 3rd, 5th, 7th, 9th, 11th, and 14th days
post-injection (39). Changes in CD28+ cells were analyzed by
flow cytometry.

The Culture of PBLs Treated Using PHA
and Anti-CD28 In Vitro
Leukocytes from peripheral blood were isolated in sterile
conditions, as mentioned above. In order to avoid the
influence of interactions between cells from different fish on
the experimental results, PBLs from one fish were used for each
experiment, and each experiment was repeated three times. Cells
were adjusted to 1 × 106 cells/ml after being washed three times
with PBS to remove serum. Resuspended cells were labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE,
Invitrogen) to a final 2-mM concentration and immediately
incubated for 10 min in the dark. Straining was terminated by
washing the cells with an ice-cold L-15 medium containing 10%
FBS and incubated in ice for 5 min. Then, cells were washed three
times in L-15 medium with 10% FBS and adjusted to 5 × 106

cells/ml and placed into a 12-well culture plate (2 ml/well)
cultured in L-15 medium with 10% FBS. Stimulated cells were
treated with 5 mg/ml PHA (Sigma) or 5 mg/ml PHA + 0.5 mg/ml
anti-CD28 Abs (40). Unstimulated cells were treated with an
equal amount of sterile PBS medium as negative controls. To
verify whether anti-CD28 Abs could similarly induce
lymphocyte proliferation as in mammals, the cells were
collected at 72 h and the division was analyzed by flow
cytometry. The cultured cells were harvested at 0, 8, 24, and
36 h to detect the expression levels of immune-related genes
which were examined by RT-qPCR. Supernatants of cultured
peripheral blood leukocytes were also collected at 72 h. After
concentration and quantification to the same concentration (2~3
mg/ml), Western blotting was conducted to detect the IL-2 level;
mouse anti-IL-2 antibodies were used as primary antibodies. The
ImageJ software (V1.8.0) was used to process and analyze
images. Each culture was performed in duplicate.

Western Blotting
When the density of cultured HINAE cells reached about 80%, the
cells were transfected with 500 ng recombinant eukaryotic plasmid
pTagRFP-N-CD28 or pTagRFP-N using Lipofectamine® 3000
(Thermo Fisher, MA, USA) following the manufacturer’s
instructions. When cells were cultured until a clear fluorescent
signal could be detected, the cells were collected. Purified
recombinant proteins, whole-cell protein extracts from PBLs, or
transfected HINAE cells were applied to Western blotting. The
primary antibody was detected with alkaline phosphatase (AP)-
conjugated goat anti-rabbit IgG (H + L) or HRP-conjugated goat
anti-mouse IgG(H + L).Non-immunized seruminsteadofprimary
antibodies was used as a control.
Frontiers in Immunology | www.frontiersin.org 4
Immunofluorescence Staining and
Flow Cytometry
Leukocytes from head kidney, spleen, and peripheral blood were
isolated. After being adjusted to 5 × 106 cells/ml in PBS,
leukocytes including cultured leukocytes were incubated with
anti-CD28 Abs (rabbit or mouse) or for 1.5 h at 37°C.
Unimmunized rabbit or mouse serum was used as the negative
control. Then the cells were incubated with secondary Abs for 1 h
at 37°C in the dark. Flow cytometry was performed using
FACSCalibur (BD Biosciences) flow cytometers with
acquisition enabled by CellQuest Pro software (BD
Biosciences). Data were analyzed using FlowJo 10.7 (TreeStar).
For immunofluorescence observation, 20 ml cell suspension (1 ×
106 cells/ml) was fixed onto APES-coated slides. After sequential
incubation of primary and secondary antibodies, leukocytes were
counterstained with 4,6-diamidino-2-phenylindole (DAPI) to
confirm nuclear staining and then observed under a
fluorescent microscope (Olympus DP70, Japan).

Real-Time qPCR
RT-qPCR was performed using the LightCycler® 480 II Real-
Time System (Roche, Switzerland). Each reaction consisted of 10
ml 2×ChamQ Universal SYBR qPCR Master Mix (Vazyme,
China), 0.4 ml forward primer and 0.4 ml reverse primer (10
mM), 2 ml cDNA, and 7.2 ml DEPC H2O. The qPCR primers and
housekeeping gene are listed in Table 2 (in the Supplemental
Material), and the amplification fragment size of the primers was
between 150 and 250 bp and the amplification efficiency of the
primers was confirmed to be within 90%–110%. The b-actin gene
was used as an internal control. The 2−DDCT method was used to
analyze the expression level of genes.

Statistics
Each experiment was repeated at least three times. Statistical
analyses were performed using Statistical Product and Service
Solution (SPSS) 20.0 software (IBM, Armonk, NY, USA) with
one-way analysis of variance (ANOVA) followed by t-test or
Duncan’s multiple-range test. All data are expressed as the mean
± standard deviation (SD). Statistical parameters and details of
experiments are provided in the figure legends, and exact p
values are shown in the figures. GraphPad Prism was used for
plotting graphs.
RESULTS

Sequences and Its Homology of fCD28
The cloned full-length cDNA of fCD28 in flounder consists of
986 bp with a 72-bp 5′ untranslated region (UTR), a 675-bp
ORF, and a 387-bp 3′-UTR (GenBank accession no.
MT019836.1) (Figure 1A). By comparing cDNA sequences
with gene sequences, the results showed that the fCD28 gene
comprised four exons and three introns. It might be worth
noting that the genomic structure is highly conserved with the
human CD28 gene (Figure 1B). The ORF sequence encoded a
protein of 224 amino acids with a putative molecular mass of
November 2021 | Volume 12 | Article 765036
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25.3 kDa, and the predicted isoelectric point was 8.89. The amino
acid sequence alignment shows that CD28 shares overall
19.86%–49.53% amino acid identity with other vertebrates’
counterparts (Figure 1D). To further analyze the evolutionary
relationship of CD28 molecules between fish and mammalian,
the N-J tree was constructed with bootstrap analysis (1,000
replicates); the results showed that CD28 of flounder clustered
into one group in teleost with high bootstrap support and
demonstrated exclusivity with CTLA-4 which exerted a co-
inhibitory effect through binding to B7 molecules (Figure 1E).
Protein Structure of fCD28
The structural features were analyzed using SMART (http://
smart.embl-heidelberg.de/); as a typical type I transmembrane
protein, the structure of the CD28 molecule in flounder is
composed of a signal peptide, a superfamily Ig domain in the
extracellular domain, a transmembrane domain, and a
cytoplasmic region. As in other species, the CD28 molecule in
flounder also contains a conserved binding motif 121TFPPPF126
Frontiers in Immunology | www.frontiersin.org 5
responsible for binding to B7 molecules in the extracellular Ig-
like domain. In parallel, another motif 199YMNT202 appears in
the cytoplasmic tail responsible for signal transduction through
phosphorylation. Meanwhile, tyrosine phosphorylation sites
were found to be present in the “YMNT” motif. Through
homologous modeling using the human CTLA-4 extracellular
domain as templates (PDB Hit: 1AH1, C-score = -3.66, TM-
score = 0.31 ± 0.10), a three-dimensional model was constructed
using the extracellular region of the CD28 molecule in flounder,
and the motif responsible for binding to the B7 molecule is
present in the 3D structure in a linear fashion, as shown in
Figure 1C. Altogether, the CD28 molecule was cloned and it
shared similar sequences and structural features to homologs in
other species.
Gene Expression Profiles of fCD28
To portray the expression profile of fCD28 at the transcriptional
level, real-time RT-PCR (RT-qPCR) was performed to detect
CD28 in different tissues. As shown in Figure 2A, CD28 was
A B

D
E

C

FIGURE 1 | Cloning the CD28 gene and bioinformatics analysis of deduced amino acid sequence in flounder. (A) The cDNA sequence and deduced amino acid of
CD28. The signal peptide is shadowed, and the transmembrane domain is underlined. The asterisk indicates the stop codon. Putative polyadenylation signal
(AATAAA) is in bold italic. (B) Comparison of the intron/ORF structures of the CD28 gene of human and flounder. ORF and introns are shown with black boxes and
lines, respectively. The sizes of the intron/ORF are indicated by the number above. (C) Schematic diagram of the two-signaling pattern of T cell activation and tertiary
structure of the extracellular domain of CD28 molecule. (D) Multiple alignments of CD28 protein homologs. The residues that are ≥75% identical among the aligned
sequences are in black. The conversed motifs are indicated with asterisks below the alignment. The dashes in the amino acid sequences indicate gaps introduced to
maximize alignment. (E) Phylogenetic trees of CD28 and CTLA-4 molecules homologs. The unrooted phylogenetic trees are constructed by the neighbor-joining
method based on the amino acid alignment (Clustal W) of full-length protein sequences. Numbers in each branch indicate the percentage bootstrap values on 1,000
replicates. The accession numbers used in Figure S3 are listed in Supplementary Materials.
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constitutively expressed in each of the tissues examined and was
strongly expressed in immune-relevant tissues including gill,
PBLs, head kidney, and spleen. Among them, the highest
expression was in gills. In contrast, the expression was lower in
muscle, liver, and intestine, and there was almost no difference in
the expression among the three tissues.

After KLH stimulation, the transcriptional change of fCD28 in
PBLs, spleen, and head kidney was determined by RT-qPCR
using b-actin as a housekeeping gene. Compared to the control
time point (0 h), the expression of CD28 gradually increased and
reached the peak value at 24 h and presented a significant
difference (ANOVA, p < 0.05) during 12–72 h in PBLs; in the
spleen, fCD28 expression levels reached the maximum at 12 h
which was earlier than in PBLs and presented significant
difference (ANOVA, p < 0.05) during 12–48 h. The mRNA
expression in the head kidney also reached the highest expression
level at 12 h post-stimulation, and the expression of fCD28
decreased at 36 h and then showed differences (ANOVA, p <
0.05) from the control group at 72 h (Figure 2B).

Antibody Specificity and Subcellular
Localization of CD28 in Flounder
The recombinant CD28 protein (~23.2 kDa) with His-tag
(~0.84086 kDa) was purified and analyzed by SDS-PAGE. As
shown in Figure 3B1, a highly purified recombinant CD28
protein with the predicted molecular mass was obtained.
Rabbit/mouse anti-CD28 polyclonal antibodies were produced,
and the rabbit anti-CD28 Abs were purified by using affinity
purification (Figure S1 in the supplemental material). The
titers of the prepared rabbit and mouse anti-CD28 polyclonal
antibodies were analyzed by ELISA. The results showed that the
polyclonal antibody had average titers higher than 1:100,000
(data not shown).

Toverify that thenaturalCD28proteincouldbe recognizedby the
prepared polyclonal antibodies, the constructed pTagRFP-N-CD28
vector was transfected into the HINAE cell line. The recombinant
CD28proteinwithRFP-tagwas successfully expressed in theHINAE
cell line (Figure 3A1) with approximately 7.8 ± 1.5% of the
transfection percentage analyzed by flow cytometry (FCM)
(Figure 3A2). The Western blotting results showed that the
Frontiers in Immunology | www.frontiersin.org 6
prepared polyclonal antibody could recognize the purified CD28
protein at the molecular weight of 24 kDa with a clear reaction band
(Figure 3B1, lane 4). Moreover, Abs could also react with protein’s
molecular weight of 25.2 and 53 kDa with PBLs or transfected
HINAE cell crude extracts, respectively (Figure 3B2, lanes 2-3),
which is consistent with the molecular weight of the CD28 natural
protein. No bands were observed in the negative control groups
(Figure 3B, lanes 5, 8, 9). As the result of the structural analysis of
CD28, the positive signal was detected mainly on the membrane
surface of leukocytes after incubation with the prepared polyclonal
antibody (Figure 3C) in immunofluorescence assays. The results
suggest that the prepared antibodies showed specific recognition of
the CD28 molecule, and CD28 is expressed in a membrane-bound
form on the surface of lymphocytes as mammals.

Percentage of CD28+/CD4-1+, CD28+/CD4-
2+, and CD28+/IgM+ Cells in Tissues
To further investigate the distribution of CD28 on leukocyte
subsets, double-immunofluorescence staining was performed
using the mouse anti-CD4-1, CD4-2, and IgM monoclonal
antibodies prepared in the laboratory and rabbit anti-CD28
Abs as primary antibodies, respectively. The results showed
that CD28 could be co-localized with CD4-1 or CD4-2
molecules on PBLs, respectively. However, no CD28-positive
signal was detected on IgM+ cells, only the respective single
positive signal (Figure 4). In addition, flow cytometric analysis
also showed that the percentages of CD28+ cells were 5.4 ± 1.1%
in PBLs, 5.1 ± 0.7% in HKLs, and 4.8 ± 0.9% in SPLs. Similarly,
the percentages of CD28+/CD4-1+ cells, CD28+/CD4-2+ cells,
and CD28+/IgM+ cells were 2.4 ± 0.5%, 2.2 ± 0.4%, and 0.4 ±
0.1% in PBLs; 1.3 ± 0.3%, 1.1 ± 0.2%, and 0.4 ± 0.1% in HKLs;
1.7 ± 0.2%, 1.4 ± 0.2%, and 0.4 ± 0.1% in SPLs (Figure 5). These
observations suggested that CD28 is mainly expressed on T
leukocytes and almost absent on B cells.

Variation of CD28 + Cells in Flounder Post-
Immunized With KLH and LPS
To compare the response pattern of CD28+ cells under different
immunogenic stimuli, flounder were immunized with KLH and
LPS, respectively. After stimulation with KLH, the percentage of
A B

FIGURE 2 | Gene expression analysis. (A) Expression of CD28 in flounder tissues. Relative expression levels of CD28 in different tissues were normalized first
concerning the expression level of b-actin and then compared with the average expression level in the muscle where the expression level was lowest and defined as
1, n=9. (B) Induced expression analysis of CD28 after KLH stimulation in PBLs, spleen, and head kidney. The relative expression values were averaged from the data
in three parallel reactions, and the results were obtained from at least three independent experiments, n = 9. Different letters above the bar represent the statistical
significance (p < 0.05). Error bars represent standard errors of SD.
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CD28+ cells in PBLs increased on the third day (p < 0.05) and
reached the peak on the fifth with 11.05 ± 1.2%, then the
percentage was slowly decreased before decreasing to the level
of the control group on the 14th day. In contrast, after
stimulating with LPS, the percentage of CD28+ cells did not
change significantly (p > 0.05), and there was no difference
between the control groups (Figure 6). These different
response patterns indicate that CD28 may play indispensable
roles in T cell immune responses.

The Proliferation of PBLs After Treatment
Using PHA and Anti-CD28 In Vitro
To explore the role of the CD28 pathway in the function of
leukocytes, a stimulation assay was performed with anti-CD28
Abs in vitro. As shown in Figure S2 (in Supplementary
Material), more colonies could be detected in cultured
leukocytes with stimulation of PHA +anti-CD28. PHA also
stimulated a clonal increase in leukocytes but less than the
former, and then the changes in lymphocytes induced by PBS
were not significant. Meanwhile, the divisions of CFSE-loaded
PBLs were monitored by flow cytometry after 72 h of in vitro
culture. Specifically, flow cytometry for leukocytes with PBS
stimulation detected a single weaker peak of proliferation, the
leukocytes with anti-CD28 stimulation were found to be able to
generate three divisions, and the cells also generated two
divisions with PHA stimulation (Figure 7A). Meanwhile, we
also evaluated the effect of anti-CD28 Abs on IL-2 production.
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The results revealed that the addition of anti-CD28 Abs
significantly increased IL-2 secretion from PHA-stimulated
lymphocytes after stimulation for 72 h (p < 0.05). Interestingly,
a slight amount of IL-2 could be detected in the supernatant after
PBS stimulation for 72 h (Figure 7B). These results suggest that
anti-CD28 Abs may be involved in the activation of lymphocytes
as a ligand for CD28. A non-related Abs, rabbit IgG, was used to
replace anti-CD28 Abs, and the results of cell division showed no
difference with the PBS-treated group (Figure S3 in the
Supplemental Material).

The Variations of CD28+ and CD4+

Cells After Treatment Using PHA
and Anti-CD28 In Vitro
Flow cytometric analysis showed that the administration of anti-
CD28 Abs promotes the percentage of CD4+ T lymphocytes
(18.32 ± 2.15%, p < 0.05) compared with stimulation of PHA
(13.43 ± 1.32%) and PBS (11.72 ± 0.82%). The percentages of
CD28+ cells in the PBS and PHA groups were 3.32 ± 1.69% and
6.31 ± 0.83%, whereas that in the group of PHA/anti-CD28
increased to 10.41 ± 1.35%. Meanwhile, the percentage of cells
increased to 6.24 ± 1.52% (p < 0.05) in the PHA/anti-CD28
group (Figure 8A), and the proportion of CD28+ cells to CD4+

cells also increased from 20% (PBS group) to 34% (PHA/anti-
CD28 group). These observations indicated that CD28+ and
CD4+ cells increased as the cells proliferated with the
stimulation of anti-CD28 Abs.
A1 A2 B1 B2

C

FIGURE 3 | Verification of the specificity of the prepared antibodies. (A) Detection of CD28 expression in transfected HINAE cells. A1, The red signal means that
HINAE transfected with pTagRFP-N-CD28 plasmid successfully expressed the recombinant protein. Scale bar = 50 mm. A2, Flow cytometric analysis of the
percentage of cells expressing CD28 after transfection. (B) Western blotting analysis of anti-CD28 rabbit polyclonal antibody specificity. Lane M, molecular mass
marker; lane 1, transformed E. coli without IPTG induction; lane 2, transformed E. coli induced with IPTG; lane 3-5, purified recombinant CD28 protein (24 kDa);
lanes 6 and 8, whole-cell protein extracts from PBLs; lanes 7 and 9, whole-cell protein extracts from HINAE cells transfected with pTagRFP-N-CD28 vector.
(C) Subcellular localization of CD28 on PBLs. CD28 molecule mainly located on the cell surface. Scale bar =10 mm.
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Fluorescence microscope observation showed that the green
signals of CFSE were uniformly distributed in the cytoplasm.
Double-immunofluorescence straining showed that CD4 could
be co-located with CFSE and more positive signals could be
detected in the PHA/anti-CD28 group. Moreover, the yellow
fluorescent and red fluorescent corresponding to CD28 and CD4
were also detected on the CFSE-loaded cells. The distribution of
CD28 and CD4 double-positive signals on CFSE-loaded cells
with different optical density values may be related to the
proliferation of the cells, and more CD28+/CD4+ positive
signals showed in the PHA/anti-CD28 group which is
consistent with that of FCM (Figure 8B).

Expression of Genes After Treatment
Using PHA and Anti-CD28 In Vitro
Compared with stimulation of PHA or PBS, the administration of
anti-CD28 Abs with PHA strongly enhanced the expression of Th1-
type cytokines including IL-2; IFN-g and TNF-awere stronger than
Th1-type cytokines of IL-6 and IL-10 in the early stages of culture.
The highest NFAT expression was also monitored at 8 h post-
stimulation, which is an immediate-early activation factor that plays
a necessary early role in T cell activation. Furthermore, the
expression of other genes was time-dependent, and the
administration of anti-CD28 Abs significantly improved their
level of expression. All detected genes also showed slight changes
in the control group probably due to the normal growth process of
Frontiers in Immunology | www.frontiersin.org 8
the cells (Figure 9). These results may indicate that the CD28 signal
pathway might participate in the Th1 immune response in fish.
DISCUSSION

CD28 engagement is indispensable for T cell activation. Ligation
of CD28 to B7 ligands synergized with T cell receptor (TCR)
initiates activation pathways including alterations in the
threshold level of TCR ligation required for activation (7, 41),
increases in cytokine secretion, particularly IL-2, prevention of
anergy induction, and promotion of T cell survival. However,
despite many CD28 homologies that have been identified, the
distribution of CD28 on lymphocyte subsets and the relationship
between T activation with the CD28 costimulatory pathway is
still only partially understood in bony fish. In this study, the
CD28 homolog was identified in flounder, and we have
demonstrated the ability of the CD28 costimulatory pathway to
enhance proliferative responses to PHA. These results will be
useful in providing insights into the evolution of the adaptive
immune responses of higher vertebrates.

CD28 in flounder comprised four exons and three introns, and
the four exons encode the signal peptide, a superfamily Ig
domain, the transmembrane region, and intracellular tail,
respectively. Similarly, previous studies reported that intron/
exon organization is consistent in bony fish and mammals such
FIGURE 4 | Co-localizations of CD28 with CD4-1, CD4-2, or IgM in PBLs. The leukocytes were incubated with primary Abs rabbit-anti CD28 with mouse-anti IgM,
mouse-anti CD4-1, or mouse-anti CD4-2, respectively. DAPI staining shows the location of the nucleus. The unimmunized serum was used as negative control (data
not shown). Scale bar = 10 mm.
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as half-smooth tongue sole, rainbow trout, medaka, zebrafish,
European sea bass, and humans (29, 31, 42). Although the
sequence identity of amino acid sequence comparisons between
bony fish and mammals was less than 50%, the motifs responsible
for signal reception and signal transduction are conserved in the
CD28 sequence of flounder. The potential B7-binding motif
TFPPPF in flounder is found in the Ig V-like domain, and
different flanking residues of the PPP motif has been found in
CD28 counterparts among vertebrates in the forms of KFPPPF
(O. latipes), TYPPPY (O. fasciatus), MYPPPI (O. mykiss),
SYPPPF (D. rerio), MFPPPL (T. rubripes), and MYPPPY (H.
sapiens and R. norvegicus), which indicated that CD28 in flounder
may share a similar signal recognition mechanism with higher
vertebrates. Bernard et al. describe in their study that the YMDI
motif corresponding to the YMNMmotif in humans is presented
in the cytoplasmic tail and confirmed that stimulation of the
chimeric hCD28-rbtCD28 receptor promoted IL-2 production
and induced the phosphorylation of the MAPK/ERK pathway
(32). The cytoplasmic tail of the CD28 sequence in flounder also
contains a 199YMNT202 motif, and the tyrosine phosphorylation
Frontiers in Immunology | www.frontiersin.org 9
site was found in the “YMNT”motif, which may suggest that this
motif may be a potential PI3K-binding site for signal
transduction. Those structural features support that the cloned
CD28 in flounder is homologous to their counterparts.

Tissue distribution analysis shows that fCD28 is constitutively
highly expressed in gills, PBLs, head kidney, and spleen. Jeswin
et al. point that RbCD28 is constitutively expressed in most tissues
with a relatively higher expression in spleens, gills, trunk kidneys,
and skin (34). Similarly, CD28 is constitutively expressed in all
detected tissues of European sea bass with high expression in the
thymus, spleen, and head kidney. However, the expression level of
CD28 in the gill is lower than those of the spleen and kidney in C.
semilaevis (29). The spleen and head kidney usually serve as
lymphoid organs in fish, and our previous studies have proven
that many immune cells such as IgM+ B cells and CD4/CD8+ T
cells can be found in these organs (39, 43–45). Although CD28 is
constitutively expressed, their high expression in immune tissues
implies their critical role in the immune response.

CD28 is mainly expressed on T lineage cells, including
thymocytes, but may also be found on plasmablasts. Moreover,
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FIGURE 5 | Flow cytometric analysis of CD28+, CD28+/CD4-1+, CD28+/CD4-2+, and CD28+/IgM+ leukocytes in peripheral blood, spleen, and head kidney.
(A–C) FSC area (FSC-A)/SSC area (SSC-A) analyses and the gate represents leukocytes. (A1–C1) Negative controls using non-immunized mouse and rabbit serum
as primary antibody; (A2–C5) rabbit anti-CD28 polyclonal antibody and mouse anti-CD4-1, CD4-2, and IgM monoclonal antibody were used as primary antibody;
(D) percentages of CD28+, CD28+/CD4-1+, CD28+/CD4-2+, and CD28+/IgM+ leukocyte, data represent as mean ± SD, n = 9.
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A B

FIGURE 6 | Percentages of CD28+ leukocytes in peripheral blood of flounder after injected with LPS or KLH determined by flow cytometry. (A) Variations of
percentages of CD28+ leukocytes. Letters on the bar represent the statistically significant difference, p < 0.05, data are representative of nine individuals. (B) The
fluorescent results of CD28+ leukocytes on the fifth day.
A1 A2 A3

A4 A5 B

FIGURE 7 | (A) The proliferation of leukocytes was monitored using CFSE labeling. CFSE-labeled PBLs (5 × 106 cell/well) were treated with L-15 medium in the
presence of PBS, PHA, or PHA+anti-CD28 were analyzed at 72 h of culture; data are representative of nine individuals. (B) The level of IL-2 in the culture medium at
72 h was measured by Western blot. The PBLs were stimulated with PBS, PHA, and PHA/anti-CD28, respectively. The experiment was repeated independently
three times. Letters on the bar represent the statistically significant difference, p < 0.05.
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CD28 is expressed at higher levels on activated T cells than on
resting cells (46, 47). Current studies have demonstrated that
CD28 is expressed on the cell surface in O. niloticus and tongue
sole (29, 30). In this study, the CD28 positive signal was also
detected on the cell membrane of PBLs, and double
immunofluorescence staining and FCM results showed that
CD28+ cells were co-localized with CD4+ T lymphocytes but
not on IgM+ B lymphocyte cells. It was reported that CD28 is
expressed on 50% of CD8+ T cells and more than 80% CD4+ T
cells in humans, while the percentage of CD28+ in CD4+ T
subpopulations is around 20%. This may be related to the
diversity of CD28 and lymphocyte subpopulation changes in
fish, which needs to be further explored. We firstly reported that
CD28 is mainly expressed on T lymphocytes in teleost which
may indicate that CD28 may also act as a costimulatory receptor
involved in adaptive immune.

To investigate whether flounder CD28 participates in antigen-
induced immune response, the expression patterns were analyzed
after being stimulated with KLH that require T cells to cooperate
with B cells to synthesize specific antibodies (36, 48), as well as LPS
which from gram-negative microorganisms is usually used to
induce IgM synthesis by B cells without cooperation by T cells
(49). In this study, the expression of fCD28 was significantly
upregulated by TD Ag (KLH) and the percentages of CD28+
cells in PBLs were significantly influenced by KLH stimulation,
while no significant differences were observed between LPS
Frontiers in Immunology | www.frontiersin.org 11
stimulation. KLH is extensively used as the immunogen to
assess the response of T cells in animal experiments (50, 51). In
addition, González-Fernández et al. have reported that CD28 in
the European sea bass was upregulated in head-kidney leucocytes
after being stimulated with concanavalin A and PHA (T
mitogens), but not with the B cell mitogen LPS (31). As our
previous studies showed, the significant variations of T cells can be
detected in the early post-stimulation period after being stimulated
with KLH (35, 52, 53). The TD Ag upregulated expression of
CD28 in fish suggested that CD28 may be closely associated with
Th-mediated immune response.

T cell activation is a crucial event in the adaptive immunity.
Engagement of the CD28 molecule with its ligand B7 is an
essential regulator of CD4 T cell responses and ultimately leads
to dramatically activated proliferation, cytokine production, and
effector function in the T subset (54, 55). Recently, the methods of
T cell activation based on the CD28 signaling pathway in
mammals have been widely used (22, 23, 56), while the research
about T cell activation in fish remains limited. In the present study,
PHA and anti-CD28 Abs were used to simulate the stimulation of
the TCR and CD28 signaling pathway in flounder. In our in vitro
model, the supplementation with anti-CD28 Abs significantly
enhanced PHA-induced T cell proliferation, and more cell
colonies and cell division can be detected after being stimulated
with PHA/anti-CD28 Abs. Although PHA is a selective T cell
mitogen commonly used to assess T-cell proliferation, it may have
A

B

FIGURE 8 | (A) The percentage of CD28+, CD4+, and CD28+/CD4+ PBLs after stimulation with PBS, PHA, and PHA/anti-CD28, respectively. (B) Co-localization of CD28+/
CD4+ double-positive PBLs after stimulation with PBS, PHA, and PHA/anti-CD28, respectively. Indirect immunofluorescence detection of CFSE and CD28+/CD4+ cells of
cultured PBLs after 72 h; data are representative of nine individuals; bar = 10 mm. The cell nuclei were counterstained in blue with DAPI. The unimmunized serum was used as
the primary antibody for negative control (data not shown).
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a different effect than anti-CD3 on the TCR, thus producing a
weaker proliferative effect. However, the effect of KLH/LPS in
APC-initiated CD4+ T cell proliferation was significant in the
zebrafish model, which may be associated with the different
pathways triggering T cell activation (57). A similar report has
also been confirmed in C. semilaevis, ligation of CsCD28 with and
anti-rCsCD28 serum in cultured HKLs could induce significant
levels of cellular proliferation (29), and IgG from unimmured
rabbit was used to replace anti-CD28 Abs, and the results of cell
division showed no difference with the PBS-treated group.
Although the functional studies of CD28 in fish are limited, it
can be assumed that CD28 plays an important role in the
activation of fish lymphocytes like in mammals. However,
ligation of CD28 with polyclonal antibodies induced lymphocyte
proliferation in fish, and the proliferation ability of PHA/anti-
CD28 is weaker compared with the effect of anti-CD3/anti-CD28
monoclonal antibodies on T cell proliferation in mammals (22). It
is speculated that this may be related to the specificity of the
antibody, and the specific mechanism of action deserves
further study.

The secretion of cytokines is also a hallmark event of T cell
activation, and T-cell activation signals induce the expression of
several lymphokine genes, including IL-2, IFN-g, and
granulocyte-macrophage colony-stimulating factor (GM-CSF),
Frontiers in Immunology | www.frontiersin.org 12
IL-3 (58). In this study, the peak expression of IL-2 was reached
at 8 h after stimulation, and the expression level in the PHA/anti-
CD28 group is higher than in the control group. In addition, the
results showed that the expression of Th1-type cytokines was
earlier than and higher than Th2-type cytokines after anti-CD28
stimulation. Ai et al. found that after a 10-h culture, PHA
increases the secretion of IL-2, IL-13, and RANTES in whole
blood, but not IFN-g, IL-10, IL-4, IL-6, and TNF-a (59). It is
speculated that this difference may be related to the activation of
the co-stimulatory signaling pathway. Meanwhile, the nuclear
factor of activated T cells (NFAT) is an immediate-early
activation factor that plays a necessary early role in T cell
activation and commitment processes through its control of
IL-2 gene activation (60). The highest upregulated expression
of NFAT was also detected at 8 h after being stimulated with
anti-CD28, and its early high expression may be involved in the
induced expression of IL-2. In addition, the expression of fCD28
increased with time, while in the PHA/anti-CD28-stimulated
group, the expression of fCD28 was not significantly different at
24 h and 36 h (p > 0.05), and significantly different (p < 0.05)
compared with that at 8 h. This is similar to the results of KLH
stimulation in vivo. It is speculated that the expression difference
may be related to the first signal from PHA delivery causing T
cell activation and thus contributing to CD28 expression. These
FIGURE 9 | Gene expression. RT-PCR analysis of genes related to leukocyte membrane molecules, signaling pathways, and cytokines after 0, 8, 24, and 36 h of
treatment of PBS, 5 mg/ml PHA or 5 mg/ml PHA +0.5 mg/ml anti-CD28 Abs. Data are expressed as SD. Data are from nine independent individuals; different letters
represent the statistical significance (p < 0.05).
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results demonstrated that anti-CD28 Abs in flounder caused the
early expression of NFAT and IL-2, which in turn affected the
degree of lymphocyte activation and proliferation.

In summary, data presented here showed that the cloned CD28
in flounder is conserved to its homologs in fish and mammals,
firstly clarified its distribution characteristics in fish lymphocyte
subsets, and proved that the CD28 signaling pathway is a synergist
to the PHA-induced lymphocyte activation. Those data lay a
foundation for further exploring T lymphocyte activation in fish,
and more studies are needed to reveal the necessity of co-
stimulatory signaling pathways in fish T cell activation.
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