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Abstract: The teleost non-specific cytotoxic cell (NCC), as the evolutionary precursors of NK cells,
is an important cytotoxic cell population in the innate immune system of teleost. We have recently
realized that costimulatory CD80/86 have conservation in structural and interactional features with
its ligand CD28 in Nile tilapia (Oreochromis niloticus). However, the ability of CD80/86 to regulate
NCC activity has not been fully investigated. In the present study, we first obtained the recombinant
fusion CD80/86 protein from O. niloticus (rOn-CD80/86). Then, NCC incubation with rOn-CD80/86
resulted in a significant production of NCC effector cytokines, including tumor necrosis factor-alpha,
cellular apoptosis susceptibility and NK-lysin. Furthermore, NCC treatment with rOn-CD80/86
could significantly improve the ability to kill kidney cells of Grass carp (CIK) and up-regulate the
activities of caspase-1 and caspase-3 in CIKs. The yeast, two-hybrid assay showed that On-CD80/86
cannot directly interact with non-specific cytotoxic cell receptor protein-1 of O. niloticus (On-NCCRP-1).
The single-cell RNA-Seq data of Nile tilapia head kidney lymphocytes analysis found On-CD28 did
not exhibit expression on NCCs subsets. The above results suggest that costimulatory molecules
On-CD80/86 is independent of On-NCCRP-1 and On-CD28 receptor in modulating NCC killing
activity in vitro of Nile tilapia. The results also provide more insights into the mechanism of NCC
activity regulation.

Keywords: CD80/86; NCCRP-1; CD28; Y2H; Nile tilapia (Oreochromis niloticus); non-specific immunity

1. Introduction

Teleost non-specific cytotoxic cells (NCCs) are a heterogeneous population of leuco-
cytes that participates in the innate immune response to acute stress induced by infectious
agents and adverse environmental conditions [1,2]. NCCs could spontaneously kill various
target cells, such as allogeneic and xenogeneic tumor cells, virus-infected cells, bacteria,
and protozoan parasites [3,4]. While NCCs are noted as a kind of small non-adherent, non-
phagocytic agranular cells with mononuclear [5], their morphological features are quite
different from natural killer cells (NK cells) in mammals, which were large granular lym-
phocytes, NCCs exhibited a similar killing mechanism to mammalian NK cells, including
the recognition and binding to the specific targets, the activation by use perforin/granzyme,
Fas/FasL apoptosis-inducing pathways [6,7], and ultimately, to destroy the target cells [8].
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Thus, given the similarity of functions, NCCs have been considered to be the evolutionary
precursors of NK cells [9].

In mammals, costimulatory ligands, CD80 and CD86, bind to their counterreceptors,
CD28 and CTLA-4, and could deliver costimulatory signals to naive T cells, which augments
or attenuates T-cell activation [10,11]. Besides, some studies have indicated that NK cells
may be triggered by costimulatory molecules, such as CD86 or molecules that can interact
with receptors on NK cells other than CD28 or CTLA-4, and regulated NK cell-mediated
cytotoxicity in murine and humans [12,13]. To date, as B7 orthologs, many CD80/86 have
been discovered in teleost species, including Nile tilapia (Oreochromis niloticus), rainbow
trout (Oncorhynchus mykiss), Atlantic salmon (Salmo salar), zebrafish (Danio rerio), puffer
fish (Takifugu rubripes) and grouper (Epinephelus coioides) [14–18]. Meanwhile, CD80/86
could modulate the IL-2 expression of the T-cell effector molecule in rainbow trout [14],
and CD80/86 could directly interact with On-CD28 in Nile tilapia [15]. Both result findings
indicated that teleost On-CD80/86 had a conservative character in structural and functional
features for T-cells activation. Nevertheless, the ability of CD80/86 to trigger or enhance
NCC killing activation has not been demonstrated in fish.

Nile tilapia (O. niloticus) is one of the economically important fish and is widely cultured
worldwide, especially in China. Recently, many pathogens, such as Streptococcus agalactiae,
Aeromonas hydrophila and Tilapia lake virus (TiLV), have been reported to cause mass mor-
tality in Nile tilapia in the world, resulting in huge economic loss [19,20]. Therefore, it is very
important to study Nile tilapia’s immune system in order to enhance its ability to prevent
pathogen infection. The study of NCC activation mechanisms in Nile tilapia is deficient.
Therefore, in this study, we first produced the corresponding recombinant CD80/86 protein
using an Escherichia coli expression system. Moreover, the mRNA expression level of NCC
effectors was investigated after On-CD80/86 treatment. Then, the On-CD80/86-activated
NCC activity to kill CIK cells was further analyzed. The results provide more data support
for understanding the role of NCCs in non-specific immune responses in fish.

2. Materials and Methods
2.1. Fish Preparing and Sample Collection

The Nile tilapia (50 ± 5 g) used in this experiment were acquired from a commer-
cial fish farm in Zhanjiang, Guangdong, China. They were then cultured at a density of
50 fish per 1000 L water for 2 weeks and fed with the commercial mixed feed
(Aohua Feed Co. Ltd., Huizhou, China) of approximately 1.5 g/fish daily. The temperature,
pH, and dissolved oxygen of aquatic water were strictly maintained within the ranges
28± 0.5 ◦C, 7.3–7.8, and 5.0–6.0 mg/L, respectively, which is similar to a previous study [21].
Fish used in the experiment were randomly selected from a holding pond. At the end of
the experiment, healthy fish were anesthetized with tricaine methanesulfonate (MS-222,
1:10,000; Sigma, Darmstadt, Germany), and two organs (liver and head kidney) were col-
lected, then immediately frozen in liquid nitrogen and stored at −80 ◦C until used. All
studies were conducted in accordance with the Guangdong province laboratory animal
management regulations and approved by the Ethics Committee board of Guangdong
Ocean University (Date: 10 May 2019).

2.2. Construction, Expression and Purification of the Recombinant On-CD80/86
(rOn-CD80/86) Plasmid

The cDNA sequence encoding On-CD80/86 (GenBank: MF150103.1) fragment
(91–894 bp) was obtained by the specific primers (listed in Table 1) that contain EcoR I
and Xho I sites. The PCR products of the On-CD80/86 gene were inserted into the
pMD-18T vector. The recombinant pMD-18T and pGEX-4T-1 plasmid were acquired
and then digested with two restriction enzymes of EcoR I and Xho I. The digested product
was recombined with a ligase to construct the expression plasmid pGEX-4T-On-CD80/86.
This plasmid was transformed into the expression strain Escherichia coli BL21 (TransGen,
Beijing, China) again. When the OD600 reached 0.4~0.6 at 37 ◦C in Luria-Bertani medium
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(containing ampicillin), isopropyl-b-d-mercaptogalactopyridine (IPTG) was added to the
culture medium to achieve a final concentration of 0.5 mmol/L, and then induced at 25 ◦C
for about 10 h.

Table 1. Primers used in this research.

Primers Sequences (5′→3′) Purpose

point-to-point Y2H On-NCCRP-1-S GGAATTCATGTCTGCTGCCGAGTGGAAG
point-to-point Y2H On-NCCRP-1-A GGGATCCCGCGGGCTGCTTTTGCTTGGTC
point-to-point Y2H pGADT7-On-CD80/86-S CGGGATCCATACAGGAAGTGCTAAATTTCTC
point-to-point Y2H pGADT7-On-CD80/86-A CCGCTCGAGCTAATCAGTGCTGTCTTGTATCTG
Protein expression CD80/86-EcoRI-F TCCGAATTCTTCACCGTTACCGGTTCTGC
Protein expression CD80/86-XhoI-R TGCTCGAGAGAACCACCGGTCTGACGACG

qRT-PCR qβ-actin-S AGATGAAATCGCCGCACTGG
qRT-PCR qβ-actin-A TCTGACCCATACCCACCATCA
qRT-PCR RT-TNFα-F CTCGTCGTCGTGGCTCTTT
qRT-PCR RT-TNFα-R CCTTGGCTTTGCTGCTGAT
qRT-PCR RT-NCCRP1-F CACCACCTGAACCCGAACT
qRT-PCR RT-NCCRP1-R GGTCCACAACCTGCTCCAT
qRT-PCR RT-granzyme-F ATACAACTGGCAAGGAAGGAG
qRT-PCR RT-granzyme-R TACCCATCTCAGCACATCAAC
qRT-PCR RT-FasL-F CTTCTCCAAGGGCGATTCTA
qRT-PCR RT-FasL-R ATCTCCCTGAGTGGCTGTGC
qRT-PCR RT-CAS-F CAGCAGTTTCGAGGAAGCAC
qRT-PCR RT-CAS-R TCCAAGCAAGCCAGGTATTT
qRT-PCR RT-FADD-F ACTGGCAGAAGATAACACGG
qRT-PCR RT-FADD-R TTTGCTTTCTCCTCCTCACT
qRT-PCR RT-NK-lysin-F ATTTGCGGCACAGTGATTT
qRT-PCR RT-NK-lysin-R ATGGAAGTCTTGATGGGGCT

The cultured bacteria were resuspended in a certain volume of phosphate buffered
saline (PBS) solution, lysozyme with a final concentration of 1 mg/mL was added, placed on
ice for 0.5 h, and centrifuged at low temperature for 10 min. After obtaining
the suspension, the supernatant protein was purified with GST Band Resin column
(Novagen, Darmstadt, Germany) according to the scheme. The eluting component con-
taining On-CD80/86 was dialyzed with PBS, the protein concentration was measured
with NanoDrop 2000 spectrophotometer (Thermo, Waltham, MA, USA), and the protein
concentration was enriched to a suitable range with PEG 20000. All proteins were analyzed
by 10% reduced sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with a coomassie blue staining solution. In addition, using the same method,
the recombinant glutathione sulfotransferase gst tag (rGST) were obtained as a control for
subsequent experiments.

2.3. Western Blot Analysis

The purified rOn-CD80/86 protein was analyzed by SDS-PAGE. After electrophore-
sis, the proteins were transferred to the PVDF membrane (0.45 mm pore size; Bio-Rad,
Hercules, CA, USA). Western blot was implemented using mouse anti-GST tag (1:2000)
as the primary antibody, then washed 3 times with TTBS, and HRP-conjugated goat
anti-mouse IgG (1:2000) as a secondary antibody, then washed 3 times with TTBS. Pro-
tein bands were detected by BeyoECL Moon kits (Beyotime Institute of Biotechnology,
Shanghai, China).

2.4. Activation and Regulation of rOn-CD80/86 on NCC Activity

NCCs were isolated and purified from the head kidney tissue of one Nile tilapia
according to our previous method [22]. Briefly, the head kidney tissue was taken out
under aseptic conditions and prepared into a single-cell suspension. The temperature
was maintained at 4 ◦C, diluted cell suspensions were obtained by 2–3 cycles of gradi-
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ent centrifugation over Ficoll histopaque at 300 g for 20 min, followed by isolation over
45.5% Percoll. The obtained target cells were washed three times in the DMEM medium,
counted, and then resuspended in DMEM containing 10% fetal bovine serum (FBS, Gibco,
Waltham, MA, USA) with 1% penicillin/streptomycin (Hyclone, Logan, UT, USA). Flow cy-
tometry analysis showed that NCCs should be 80%–90% positive for NCCRP-1 monoclonal
antibody 5C6 (No: ab2778, Abcam, Waltham, MA, USA) staining. The obtained NCCs were
planted to 24-well microplates (1 × 106 cells/well) and incubated at 25 ◦C.

Four groups were set up in this experiment: IgG+rGST group, IgG+rOn-CD80/86
group, 5C6+rGST group, 5C6+rOn-CD80/86 group. The final concentration of cells in
each group was maintained at 1 × 106 cells/mL. Each group cells add a corresponding
reagent: IgG (8 µg/mL), IgG (8 µg/mL), 5C6 (8 µg/mL), 5C6 (8 µg/mL) respectively.
Then incubate at 25 ◦C for 1 h. Next, add the corresponding reagent: rGST (20 µg/mL),
rOn-CD80/86 (20 µg/mL), rGST (20 µg/mL), rOn-CD80/86 (20 µg/mL) respectively. Last,
remove the cultured medium, and collect cell samples after the second incubation for
3 and 6 h, respectively.

The RNA extraction and cDNA synthesis of cells in the previous step followed the
method in a previous article [23]. qRT-PCR was used to evaluate the molecular mechanism
of On-CD80/86 regulating NCCs immune response by using various related genes. PCR is
carried out in a reaction volume of 10 µL, including 0.5 µL of each primer (10 mM), 0.5 µL
of cDNA, SYBR® 5 µL of Select Master Mix (Applied Biosystems, Waltham, MA, USA) and
3.5 µL of PCR grade water. PCR amplification procedure: 94 ◦C for 5 min, 94 ◦C for 10 s,
60 ◦C for 1 min, and 40 cycles. The samples were tested three times on the 7500 real-time
PCR system of Applied Biosystems (Applied Biosystems, Waltham, MA, USA). The relative
expression of rOn-CD80/86 was calculated using the 2−∆∆Ct method. Determine the PCR
efficiency and compare the Ct method reference [19]. All reactions were repeated with three
sample replicates and three technical replicates. All primers are listed in Table 1. The gene
accession number is shown in Table 2.

Table 2. GenBank accession numbers of relative genes of tilapia used in this study.

Protein Accession No.

CD80/86 MF150103.1
TNFα AY428948.1

NCCRP-1 MF162296
Granzyme AY918866.1

FasL KM008610.1
CAS AF547173

FADD XM_003456561.5
NK-lysin ATW66454.1

2.5. Assay for the Killing Effect of NCCs

The killing effect of NCCs was determined by reference to our previous studies [24],
in short, the kidney cells of Grass carp (CIK, which is the killing target cell, and NCC is
the killing effect cell from Nile tilapia) are derived from those preserved in our laboratory
and cultured in Leibovitz’s 15 medium containing 10% FBS at 25 ◦C (Invitrogen, Waltham,
MA, USA). 1 × 106 CIK cells were inoculated into 24-well cell plates with 1 mL medium.
The NCCs of tilapia were cultured using the method described in Section 2.4 above. The
final cell concentration is 1 × 106 cells/mL were divided into the blank group, rGST group,
5C6+rOn-CD80/86 group, and IgG+rOn-CD80/86 group. Then, PBS, 5C6 (8 µg/mL), and
IgG (8 µg/mL) were added to the rGST, 5C6+rGST, and Ig G+rOn-CD80/86 group, respec-
tively, and incubated for 1 h. Next, rGST (with 20 µg/mL), rGST (with 20 µg/mL), and
rOn-CD80/86 (with 20 µg/mL) were added to the rGST, 5C6+rGST, and IgG+rOn-CD80/86
group, respectively, incubated for 3 h. The NCCs in each well were collected carefully and
co-incubated with adherent CIK (1 × 106 cells) for 24 h at 25 ◦C. Subsequently, the plate
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was shaken gently, and the medium and suspending NCCs were removed. The adherent
CIK cells were retained and washed with PBS.

CIK cells were photographed under a microscope. The cells were lightly digested with
trypsin and resuspended in PBS, then stained with trypan blue to calculate the percentage
of dead cells. At the same time, CIK cells were lysed with RIPA lysis buffer (P0013C,
Beyotime, Shanghai, China) according to the instructions. Caspase 1, 3, and 9 activity
assay kits (C1101, C1115, C1157, Beyotime, Shanghai, China) were used to determine the
activity of caspases. All reactions were performed with three sample replicates and three
technical replicates.

2.6. Detection of Interaction between On-CD80/86 and On-NCCRP-1

The interaction between On-CD80/86 and On-NCCRP-1 proteins was detected by
the yeast two-hybrid(Y2H) experiment, as described in our previous article [15]. In brief,
On-CD80/86 and On-NCCRP-1 gene fragments were cloned into pGADT7 and pGBKT7
plasmids, respectively. The experimental group consisted of pGADT7-On-CD80/86 and
PGBKT7-On-NCCRP-1 plasmids. The pGBKT7-53 and pGADT7-T plasmids were pos-
itive controls, and the pGBKT7-Lam and pGADT7-T plasmids were negative controls.
pGADT7-On-CD80/86 and pGBKT7 plasmids, pGBKT7-On-NCCRP-1 and pGADT7 plas-
mids were self-activation detection groups. The plasmids of each group were co-transfected
into the AH109 yeast cells, respectively. Yeast was cultured on double drop medium
(SD/-Leu/-Trp) at 30 ◦C for 3–5 days. The positive monoclonal colonies of the above
five groups were selected and placed on plates containing quadruple de culture medium
(SD/-Leu/-Trp/-His/-Ade) and quadruple de culture medium added with X-a-Gal
(SD/-Leu/-Trp/-His/-Ade/X-a-Gal) for further culture for 3–5 days.

2.7. Expression Analysis of On-CD28 and On-NCCRP-1 in the Head Kidney Leukocytes (HKLs)

In our prior work [25], the single-cell RNA-Seq (scRNA-Seq) date of Nile tilapia HKL
were provided. Based on previous research, Nile tilapia HKLs can be divided into four
subgroups, including non-specific NCC cells, T-cells, and macrophage/monocyte (Mo/Mø).
In this experiment, the expression levels of On-CD28 and On-NCCRP-1 genes in HKL
scRNA-Seq were analyzed.

2.8. Statistical Analysis

The data are expressed as mean ± standard error (S.E.). Statistical comparison and
analysis were performed using SPSS v.20 software. Significant differences are indicated
with * (p < 0.05) or ** (p < 0.01).

3. Results
3.1. Recombinant On-CD80/86 Expression, Purification and Western Blot Analysis

The cDNA sequence encoding On-CD80/86 extracellular fragment was correctly cloned
into the pGEX-4T vector. The On-CD80/86 was efficiently expressed after IPTG induction,
and the soluble recombinant On-CD80/86 (rOn-CD80/86) protein was purified and ana-
lyzed by SDS-PAGE. As shown in Figure 1 (lane 1–5), a band (∼53 kDa) corresponding to
the rOn-CD80/86 protein could be detected (the tag protein was approximately 26 kDa,
and the target protein for removing the signal peptide was approximately 27 kDa).

Next, the purified rOn-CD80/86 protein results are shown in Figure 1. The protein
band is relatively simple, without other proteins (lane 5). Western blot results showed that
specific positive bands were detected at about 53 kDa (anti-GST-tag mouse monoclonal
antibody as the primary antibody). The size of the rOn-CD80/86 protein was similar to
that predicted, and there was no band in the control group with mouse IgG serum as the
first antibody. The results showed that the rOn-CD80/86 protein with the GST tag was
successfully expressed, which could be used for subsequent research.
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Figure 1. Identification of protein expression and purification of rOn-CD80/86 by SDS-PAGE
(lane 1–5) and western blot (lanes 6 and 7). The black arrow refers to rOn-CD80/86.
Lane M: marker; lane 1: E. coli with pGEX-4T-CD80/86 without IPTG induction; lane 2: E. coli
with IPTG induction; lane 3: E. coli soluble protein with IPTG induction; lane 4: E. coli inclusion body
protein with IPTG induction; lane 5: purified rOn-CD80/86; lane 6: experiment group (use mouse
anti-his IgG); lane 7: control group (use mouse IgG).

3.2. Effect of rOn-CD80/86 Protein on the Expression of NCC Effector Molecules

To determine whether On-CD80/86 can mediate NCC activity, rOn-CD80/86 was
used to incubate the isolated NCC, and then the mRNA expression level of effector
molecules of NCC was detected. Effector molecules contain tumor necrosis factor-α
(TNF-α), NCCRP-1, granzyme, FasL, cellular apoptosis susceptibility (CAS), Fas-associated
death domain (FADD), and NK-lysin. The results showed that, compared to the control
group, NCC effector genes, such as TNF-α, CAS, and NK-lysin, were significantly up-
regulated in the rOn-CD80/86 group at 3 h (Figure 2). At 6 h, TNF-α and CAS were
also significantly up-regulated, indicating that NCC was activated at 3 and 6 h after rOn-
CD80/86 incubation, which suggested that rOn-CD80/86 could mediate NCC activity. In
determining whether On-CD80/86 can activate the killing activity of NCC, we incubated
NCC with rOn-CD80/86, and then detected the mRNA expression level of NCC killing-
related effectors. Effector molecules include TNF-α, NCCRP-1, granzyme, FasL, apoptosis
susceptibility (CAS), fas-related death domain (FADD), and NK-lysin. The results showed
that, compared to the control group, the expressions of effector gene TNF-α, CAS and
NK-lysin were significantly up-regulated at 3 h in the rOn-CD80/86 group (Figure 2), but
the expressions of granzyme and FasL were significantly decreased, and the expressions
of NCCRP-1 and FADD were not significantly changed. At 6 h, the expression of TNF-α
and CAS was also significantly up-regulated, the expression of granzyme was significantly
down-regulated, and the expression of other genes was not significantly changed. The
results showed that NCC was activated when rOn-CD80/86 was incubated for 3 h and 6 h,
suggesting that rOn-CD80/86 could mediate NCC activity.
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3.3. Effect of rOn-CD80/86 Protein on the Cytotoxicity of NCC

In order to determine whether the rOn-CD80/86 protein enhances the toxicity of NCC
at the protein level, we first induced NCC with rOn-CD80/86, and then co-incubated NCC
with a certain proportion of CIK cells. And the cell death was observed under a microscope
and the CIK cell death rate was counted. The results showed that the cell death rate of
the blank group and rGST NCC group was significantly lower than that of the latter two
groups by microscope. Then, we calculated the percentage of dead cells in each group, and
the results were as follows: 12.8% in the blank NCC group, 21.3% in the rGST NCC group,
70.5% in the 5C6+rOn-CD80/86 NCC group, and 71.5% in the IgG+rOn-CD80/86 NCC
group (Figure 3).
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3.4. Activity of Caspase-1, 3, and 9 on CIK

In this part, the killing effect of NCC on CIK cells was determined by detecting the
activity of various caspases. The results are shown in Figure 4. There was no significant
difference in caspase-1, caspase-3, or caspase-9 activity between the blank NCC+CIK group
and rGST NCC+CIK group, indicating that treatment with rGST did not increase the
cytotoxicity of NCC against the target cells. The activities of caspase-1 and caspase-3 in the
rOn-CD80/86 treatment group were significantly higher than those in the control group
(blank NCC+CIK group and rGST NCC+CIK group), indicating that rOn-CD80/86 could
significantly enhance the killing activity of NCC. In addition, if the 5C6 antibody is added
to block the receptor binding site of On-NCCRP-1 on the surface of the NCC cells, caspase-1
and caspase-3 are not significantly inhibited. This result indicates that rOn-CD80/86 does
not activate the killing effect of NCC through the On-NCCRP-1 receptor. However, the
activity of caspase-9 did not change significantly among the groups.
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3.5. Interaction of On-NCCRP-1 with On-CD80/86

In this study, the interaction between these two proteins were checked by the
colors of the hybridized yeasts. The result is shown in Figure 5. Five yeast groups
were all grown in SD/-Leu/-Trp medium. For self-activation detection, two groups of
hybridized yeasts (Figure 5 lanes 4 and 5), could not grow in medium without SD/-Leu/
-Trp/-His/-Ade and SD/-Leu/-Trp/-His/-Ade/X-a-Gal, which indicates that On-CD80/86
and On-NCCRP-1 themselves had no transcriptional activity and could not activate reporter
genes. In addition, the negative control group (line 2) did not grow in medium without
SD/-Leu/-Trp/-His/-Ade nor SD/-Leu/-Trp/-His/-Ade/X-a-Gal. The yeasts containing
pGBKT7-On-NCCRP-1/pGADT7-On-CD80/86 and pGBKT7-53/pGADT7-T1 plasmids
that could grow on SD/-Leu/-Trp/-His/-Ade plates were white, whereas those grown
on SD/-Leu/-Trp/-His/-Ade/X-a-Gal plates were blue. The results suggested no direct
interaction between On-NCCRP-1 and On-CD80/86.
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Figure 5. Interaction between On-NCCRP-1 and On-CD80/86 by Y2H. pGBKT7-On-NCCRP-1/
pGADT7-On-CD80/86 is the experimental group; pGBKT7-Lam/pGADT7-T is the negative control
group; pGBKT7-53/pGADT7-T is the positive control group; and pGBKT7-On-NCCRP-1/pGADT7 and
pGADT7-On-CD80/86+pGBKT7 are the self-activation groups. Column (A–C): Yeasts grown on plates
with double dropout medium (SD/–Leu/–Trp), quadruple dropout medium (SD/-Leu/-Trp/-His/
-Ade), and quadruple dropout medium supplemented with X-a-Gal (SD/-Leu/-Trp/-His/-Ade/
X-a-Gal), respectively.

3.6. Expression Characteristics of On-CD28 and On-NCCRP-1 Genes in Nile tilapia HKLs
scRNA-Seq

HKLs cell subpopulations were displayed visually via t-distributed stochastic neighbor
embedding (tSNE) (Figure 6). The four cell populations were represented by different colors
(B-cell: orange, T-cell: green, Mo/M: red, NCC: blue). The expression levels of On-CD28
and On-NCCRP-1 gene in HKL scRNA-Seq were analyzed. The results showed that the
On-NCCRP-1 gene was only expressed in NCC cell subsets, while the On-CD28 gene was
mainly expressed in T-cell subsets, a small amount in B and c subsets, but not in NCC
cell subsets.
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4. Discussion

The phenomenon wherein costimulatory molecules or ligands, such as CD40, CD80,
and CD86, trigger NK cell-mediated cytotoxicity has been reported in mammals [12,13].
Non-specific cytotoxic cells (NCC) are the first identified cytotoxic cell population and kinds
of NK cell equivalents in teleost [26]. However, whether these costimulatory molecules
could mediate NCC killing activity in bony fish is unclear. In this work, we first obtained
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soluble rOn-CD80/86 protein using a prokaryotic expression system according to the
previously reported On-CD80/86 sequence [15]. NCCs are similar to the killing pathways
of mammalian NK cells. The main pathways utilized by killer cells consist of granule
exocytosis and those mediated by members of the TNF superfamily. Activated-NCCs
can release cytotoxic factors, such as granzyme, perforin, and NK-lysin through immune
synapses, to kill target cells. Meanwhile, some genes, such CAS, FADD, CAS, TNF-α, FasL,
and NCCRP-1 also take part in this process of immune response [27].

In this study, after incubating NCCs with rOn-CD80/86 protein in vitro, the results
showed that, compared to the two control groups, some effector genes, such as TNF-α,
CAS, and NK-lysin, were significantly up-regulated in the rOn-CD80/86 stimulation group
at 3 and 6 h after incubation, and the expression of NCCRP-1 was also somewhat increased.
Tilapia TNF-α can promote the expression of granzyme in NCCs and then cause cytotoxic
effects. Meanwhile, activated NCCs could constitutively express TNF-α, which binds to its
surface receptor TNFR-1 to exert NCCs cytotoxic effect, and kill cancer and virus-infected
cells [7]. After the expression of a large amount of pro-apoptotic protease granzyme, which
can enter the target cells and cause the death of the target cells, or enter the cells infected
by the virus and restrict the replication of the virus [28,29]. CAS, as an apoptosis regulatory
factor, is participated in multiple cellular mechanisms associated with cell proliferation and
cell death [30]. NK-lysin, an effector of cytotoxic T-cells, natural killer cells, and NCCs, is a
potent antimicrobial peptide widely distributed in mammals and teleosts [22,31]. Therefore,
according to the above results, NCCs may exhibit stronger killing activity at 3 h compared
to 6 h.

Thus, NCC may respond to extracellular signaling stimuli, which is similar to our
previous results. On-NKEF and transferrin protein can effectively activate NCC and
significantly up-regulate the expression of its related effectors [23]. Next, we tested the
NCC killing effect on target cells by incubating CIK with rOn-CD80/86-activated NCC. The
results showed that, although a small number of CIK cells died in the two control groups,
CIK cells died in the rOn-CD80/86-activated NCC group when significantly compared to
the control group. While binding of the NCC to target cells immediately exerts cytotoxic
effects [1], this observation suggests that treatment of NCC with rOn-CD80/86 protein can
significantly enhance the ability of NCC to kill other target cells.

Cysteine-requiring aspartate protease (caspase) is a protease family that plays an
important role in programmed cell death (including apoptosis) [32]. The activity of cas-
pase family members in caspase in the system will increase significantly in the course of
apoptosis [33]. In this study, we detected the activity of three caspases after rOn-CD80/86
treatment. The results showed that the activities of caspase-1 and caspase-3 were signifi-
cantly higher than those of the two control groups, indicating that the rOn-CD80/86 protein
induced significantly increased killing activity of NCCs on CIK cells, thus activating CIK
apoptosis signals.

However, it is unknown which receptor is connected to CD80/86 on the NCC surface.
CD80, as a costimulatory molecule, is known to activate T-cells through CD28 receptor
molecules [34]. In this study, we found that NCC did not express the CD28 gene on
the surface; thus, CD80/86 could not activate NCC through this receptor molecule. In
addition, NCCRP-1, as the most classical and studied receptor on the surface of NCC, were
contemplated as to whether it could play a role through this receptor. The Y2H system
is a powerful and commonly used genetic tool to investigate the interactions between
artificial fusion proteins inside the nucleus of yeast [35]. The result of the Y2H experiment
showed that CD80/86 and NCCRP-1 could not interact with each other, and the blocking of
NCCRP-1 with antibody 5C6 of NCCRP-1 did not affect the regulation of CD80/86 activity
on NCC. These results suggest that CD80/86 neither regulates NCC activity through CD28
nor through NCCRP-1. Hence, CD80/86 must be acting through other receptor molecules,
which need to be further studied.
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5. Conclusions

This study obtained Soluble rOn-CD80/86 protein from O. niloticus, and rOn-CD80/86
could up-regulate the expression of the killer effector molecule of NCC, and On-CD80/86-
activated NCC could significantly improve the ability of killing CIK cells. Costimulatory
Molecules rOn-CD80/86 is independent of On-NCCRP-1 and On-CD28 receptors to modu-
late NCC killing activity in vitro of Nile tilapia. The results provide a more theoretical basis
for understanding the regulation mechanism of NCC activity.
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