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Background: Monoclonal antibodies (mAbs) that target the programmed cell death-1 (PD- 
1)/programmed death-ligand 1 (PD-L1) immune checkpoint have demonstrated substantial 
clinical benefit for a variety of solid tumors. However, their applications in patients with 
hepatocellular carcinoma (HCC) are reported with unclear molecular mechanisms. Here, we 
report a novel mouse anti-human PD-1 mAb that can reverse the immunosuppressive effect 
of HePG2 cells on Jurkat cells.
Materials and Methods: HepG2 liver cancer cells, which were induced to overexpress PD- 
L1 by IFN-γ, were co-cultured with PHA-activated Jurkat lymphocytic cells to investigate 
the immunostimulative effect and mechanisms of the 14 newly generated PD-1 mAbs. 
Multiple cellular and molecular biology experiments were performed in this study, such as 
CCK-8, ELISA, flow cytometry, immunofluorescence and Western blot.
Results: We found that mAb B1C4 significantly enhanced the tumor-killing cytokine 
secretion level by Jurkat cells in the co-culture system and increased the killing ability of 
Jurkat cells on HepG2 cells. Co-culture with HePG2 cells led to Jurkat cell cycle delay in 
S phase, and B1C4 promoted cell cycle progression from S to G2/M. Co-culture with HePG2 
cells also caused apoptosis in Jurkat cells, which was inhibited by B1C4. B1C4 reversed the 
immunosuppression of Jurkat cells resulted from co-cultured with HePG2 cells through 
inhibiting PTEN and activating PI3K/AKT/mTOR signaling pathways.
Conclusion: Our study demonstrated that anti-PD-1 mAb B1C4 could inhibit the apoptosis 
of Jurkat cells induced by HePG2 hepatoma cells and reverse the immunosuppressive effect 
of HePG2 cells on Jurkat cells. The study provides a vital basis for applying PD-1 mono
clonal antibodies in the treatment of HCC and provides antibody selection for the develop
ment of novel PD-1 mAb with blocking activity.
Keywords: hepatocellular carcinoma, monoclonal antibody, programmed cell death-1, 
PI3K/PTEN/AKT/mTOR signaling, T cell immunostimulation

Introduction
Programmed Death 1 (PD-1, CD279), as an immunosuppressive molecule of the B7- 
CD28 superfamily, is a transmembrane protein expressed on the surface of T cells. Two 
ligands that PD-1 has included PD-L1 (B7-H1) and PD-L2 (B7-DC). Tumor cells and 
tumor microenvironment inhibit the activation of T cells or induce T cell apoptosis by 
increasing PD-L1 expression and binding to PD-1 on the surface of tumor-specific 
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CD8+ T cells, which in turn causes a decrease in the secretion 
of antitumor cytokines such as IFN-γ and IL-2.1,2 T cells are 
therefore unable to detect tumor cells and send signals to the 
immune system, allowing cancer cells to evade immune 
system clearance to limit the host’s immune response. PD- 
1/PD-L1 pathway inhibitor blocks the binding of PD-1 to 
PD-L1 to suppress the transmission of negative regulatory 
signals, which may restore T cell immune responses.3–5

PD-1/PD-L1 immune checkpoint inhibitors have been 
used in a variety of tumor immunotherapy,6–9 with pro
blems of low response rates in a small number of cancer 
patients.10–13 Also, PD-1/PD-L1 treatment is often accom
panied by direct or indirect toxicity, including fatigue, rash, 
itching, diarrhea, loss of appetite and nausea. Anti-PD-1 
antibody immunotherapy may also cause mucosal mossy 
dermatitis in patients.14–16 In addition, in two cases of 
patients accepting anti-PD-1 antibody treatment, there was 
a severe skin toxicity reaction.17 Toxicity of anti-PD-1/PD- 
L1 antibody immunotherapy may compromise the efficacy 
of antibody in its clinical application. The mechanism of the 
action and toxicity of monoclonal antibody drugs is unclear, 
which needs further research to clarify. In the development 
and clinical application of anti-PD-1/PD-L1 antibodies, the 
toxic and side effects need to be fully considered to prevent 
adverse reactions. Therefore, the development of monoclo
nal antibodies (mAbs) with low side effects and high 
response rates in patients will maximize the use of antibo
dies in tumor immunotherapy.

In recent years, immunotherapy has made significant 
breakthroughs in the field of cancer treatment, eg, blocking 
PD-1/PD-L1 signal pathway with a monoclonal antibody 
against PD-1/PD-L1 has shown excellent antitumor efficacy 
in various solid tumors such as melanoma and nonsmall-cell 
lung cancer. Therefore, antibody therapy has become a focus 
in cancer in recent years.18–20 Studies have found that almost 
all types of human tumors express PD-L1, including mela
noma, renal cell carcinoma, lung cancer, head and neck 
cancer, gastrointestinal cancer, bladder cancer, ovarian can
cer, and hematological malignancies.21–24 Hepatocellular 
carcinoma (HCC) is a malignant tumor with a high fatality 
rate. The number of HCC cases in China accounts for about 
half of the total number of global cases, which provides 
a broad application prospect of immune checkpoint inhibitor 
for HCC.25 Nevertheless, PD-1/PD-L1 antibodies used in 
patients with hepatocellular carcinoma are reported with 
unclear molecular mechanisms. At present, whether PD-1 
level could be used as a biomarker for hepatocellular carci
noma immunotherapy and prognosis evaluation is unclear, 

and whether the monoclonal antibody drugs blocking the 
PD-1/PD-L1 immune checkpoint can achieve good results 
in the treatment of HCC remains to be further investigated. 
Therefore, an in-depth study on the efficacy and mechanism 
of anti-PD-1 mAb therapy for HCC should be of great sig
nificance in the welfare of the HCC patients.

In previous studies, Sp2/0-Ag14 myeloma cells and 
spleen cells derived from BALB/c mice immunized with 
recombinant human PD-1/PDCD1 protein were fused for 
the production of novel antibodies. Fourteen mouse anti- 
human PD-1 mAbs were obtained in which the mAb 9E11 
showed better antigen recognition specificity in HCC tis
sues. We investigated the clinical significance of PD-1 
expression in HCC tissues from 77 cases with mAb 9E11 
and found that the expression level of PD-1 in HCC tissues 
is closely related to the tumor size and differentiation 
degree.26 In this study, 14 mouse anti-human PD-1 mAbs 
were further studied to screen those with low cytotoxicity 
and better blocking activity on PD-1/PD-L1 immune 
checkpoints. Furthermore, the immunosuppressive effects 
of Jurkat lymphocytic cells caused by co-cultured with 
HePG2 liver cancer cells, and the immunostimulative 
mechanisms of the selected PD-1 mAb on Jurkat cells 
were evaluated.

Materials and Methods
Materials
RPMI-1640 medium, penicillin and streptomycin were pur
chased from Thermo Scientific; Fetal Bovine Serum (FBS) 
was purchased from Biological Industries (BI); 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT), Phytohemagglutinin-P (PHA-P) were pur
chased from Sigma-Aldrich; Recombinant Human IFN-γ 
was purchased from Peprotech. Human IFN-γ ELISA Kit 
(Sensitivity: 4 pg/mL; Standard Curve Range: 4–500 pg/ 
mL), Human IL-2 ELISA Kit (Sensitivity: 2 pg/mL; 
Standard Curve Range: 2–250 pg/mL), APC-conjugated 
Mouse IgG1 K Isotype Control and APC-conjugated anti- 
Human CD279 (PD-1) antibodies were purchased from 
eBioscience; Dimethyl Sulfoxide (DMSO), Propidium 
Iodide (PI), Phosphate Buffered Saline (PBS), Normal 
Mouse IgG, and Cell Counting Kit-8 (CCK-8) were pur
chased from Beyotime Biotechnology; Annexin V-FITC/PI 
Apoptosis Detection Kit was purchased from 
KeyGENBioTECH; Enhanced Chemiluminescence (ECL) 
was purchased from Millipore.
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Preparation of mAbs
The mAbs were prepared by Yes Biotech Laboratories Ltd. 
Sp2/0-Ag14 myeloma cells and spleen cells derived from 
BALB/c mice immunized with recombinant human PD-1/ 
PDCD1 protein were fused for the production of novel 
antibodies. The desired immunization effect was achieved 
after the serum antibody titers reached 1:107. PD-1 mAbs 
were generated and assigned the following names: 1C4, 
1H8, 2C4, 2H7, 3E5, 5B2, 5H7, 7C9, 7E5, 7G12, 9A5, 
9B4, 9E11 and B1C4. The heavy chains of 13 mAbs were 
IgG1, while clone 9A5 was observed to be IgG2a. All 14 
mAbs were observed to contain κ light chains.

Cell Lines and Culture
Jurkat cells were obtained from ScienCell. HepG2 cells 
were obtained from American Type Culture Collection. 
They were incubated in complete RPMI-1640 medium 
(Thermo Fisher Scientific) supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum (Biological Industries), 
2 mM L-glutamine and penicillin-streptomycin solution 
(Thermo Fisher Scientific, 100 U/mL penicillin and 100 
μg/mL streptomycin) at 37ºC with 5% CO2 and 95% air in 
a humidified atmosphere.

Co-Culture System
HepG2 cells were cultured in 6-well plates (2×105 cells/ 
well) and stimulated with 10 ng/mL IFN-γ (PeproTech) 
after adherence for 24 h to overexpress PD-L1. Jurkat cells 
were activated with 2 μg/mL phytohemagglutinin (PHA, 
Sigma) for 48 h. The activated Jurkat cells (2×106 cells/ 
well) were added to HepG2 cells at an E/T ratio (effective 
cells to target cells) of 10:1 and co-cultured for 48 h.

PD-L1 Overexpression in HePG2 Cells 
by IFN-γ Stimulation
HepG2 cells were collected in the logarithmic growth 
phase. 2×105 cells per well were seeded into 6-well plates. 
The serum-containing medium with different concentra
tions of IFN-γ (5, 10, 20 ng/mL) was added into each 
well. Control wells were added with 2 mL serum- 
containing medium without IFN-γ. Cells were incubated 
for 24 h and the total protein was extracted. The expres
sion level of PD-L1 protein in HepG2 cells was detected 
by Western bolt to determine the optimal stimulation con
ditions by IFN-γ. The proteins were separated by 10% 
SDS-polyacrylamide gels and transferred onto PVDF 
membranes (Millipore). The membranes were blocked 

with 6% non-fat milk at 37ºC for 1 h and then incubated 
overnight with anti-PD-L1 antibody (1:500, Thermo 
Fisher, #17-5983-41) at 4ºC. Blots were incubated with 
horseradish peroxidase (HRP)-conjugated goat anti-mouse 
IgG (1:5000, ZSGB-BIO, ZB-2305) as the secondary anti
body at 37ºC for 1 h, and then detected with Immobilon 
Western Chemiluminescent HRP Substrate (Millipore). 
Protein levels were quantified by densitometry using an 
AlphaEaseFC 4.0 software and then normalized against 
vehicle control (100%). β-Actin (Santa Cruz, sc-47778) 
was used as an internal control.

Activation of Jurkat Cells by PHA
The cytotoxicity of PHA on Jurkat cells was detected by 
CCK-8 (Beyotime, C0038). Jurkat cells were collected in 
the logarithmic growth phase. Approximately 5×104 cells 
were seeded onto 96-well plate and treated with increasing 
concentrations of PHA (0.5, 1, 2 and 5 μg/mL) for 48 
h. Control cells were treated with an equal volume of 
culture medium without PHA. CCK-8 solution (20 μL) 
was then added to the medium. After incubation for 2 h, 
the amount of orange formazan dye generated was deter
mined by measuring the absorbance at 450 nm using 
a microplate reader (Bio-Rad). The viability of treated 
cells was compared with control cells (100%). Jurkat 
cells at 2×106 per well were seeded into a 6-well plate. 
After incubation for 48 h, morphology under the micro
scope of Jurkat cells was observed and the cell culture 
supernatants were collected by centrifugation and filtered 
through a 0.22-μm steriflip (Millipore). Interleukin-2 (IL- 
2) concentrations were quantified using a Human IL-2 
ELISA Kit (eBioscience) according to the manufacturer’s 
directions. Based on the analyses, the results were synthe
sized to determine the optimal stimulation conditions for 
PHA on Jurkat cells.

Analysis of PD-1 Expression on Jurkat 
Cells
The expression of PD-1 on the surface of Jurkat cells was 
detected by flow cytometry after incubated with HePG2 cells 
for a different time. Approximately 2×105 HePG2 cells were 
seeded onto a 6-well plate and treated with 10 ng/mL IFN-γ 
after adherence for 24 h to overexpress PD-L1. Jurkat cells 
were activated with 2 μg/mL PHA for 48 h. Added the 
activated Jurkat cells (2×106 cells/well) to HepG2 cells at 
an E/T ratio (effective cells to target cells) of 10:1. Jurkat 
cells were collected after co-culture for 12 h, 24 h, 48 h and 
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72 h. The cells were washed twice with PBS and resuspended 
in 100 μL PBS. The cell density was adjusted to 1×106 cells/ 
vial. After incubation with 5 μL APC-conjugated anti-PD-1 
antibodies (eBioscience) for 1 h at 4°C, the cells were 
washed with PBS and fixed in 2% paraformaldehyde. Cell 
surface expression of PD-1 on different co-culture conditions 
was detected by a NovoCyte flow cytometer (ACEA 
Biosciences) to determine the optimal experimental condi
tions for the co-culture system.

Screening of Newly Developed PD-1 
mAb for Blocking PD-1/PD-L1 Immune 
Checkpoints
The HepG2 killing ability of Jurkat cells was detected by 
MTT assay. A co-culture system of adherent HepG2 and 
suspension Jurkat cells was established. Approximately 
5×103 HePG2 cells were seeded onto a 96-well plate and 
treated with 10 ng/mL IFN-γ for 24 h. Activated Jurkat cells 
(5×104 cells/well) were added into HepG2 cells at an E/T 
ratio of 10:1. Fourteen newly generated anti-PD-1 antibodies 
(10 μg/mL) were added into the co-culture system for 48 h to 
block the interaction of PD-1 and PD-L1. Mouse IgG was 
used as a negative control. After co-culture for 48 h, sus
pended Jurkat cells were isolated and 20 μL of MTT solution 
(5 mg/mL in PBS) were added to HepG2 cells for another 4 
h, and then bleached with DMSO. The cytolytic effect of 
Jurkat cells on HepG2 cells was analyzed by a microplate 
reader (Bio-Rad) at 490 nm. Cell viability was compared 
with blank control cells (100%). Cell culture supernatants 
were collected and filtered through a 0.22-μm Steriflip 
(Millipore). Levels of IL-2 in the supernatants were mea
sured by ELISA (eBioscience) following the manufacturer’s 
instructions. Jurkat cells activated by 2 μg/mL PHA for 48 
h served as a positive control.

Effects of mAb 2H7 and B1C4 on Jurkat 
Cell Activity and Cytokine Secretion
In order to obtain PD-1 mAb with better blocking activity 
and lower cytotoxicity, CCK-8 method was used to study the 
chronergy and quantitative efficiency of mAb 2H7 and B1C4 
on Jurkat cells. Approximately 5×104 cells were seeded onto 
a 96-well plate and treated with increasing concentrations of 
mAb 2H7 and B1C4 (5, 10, 20 and 40 μg/mL). Control cells 
were treated with an equal volume of culture medium. After 
incubated for 24, 48 and 72 h, 20 μL Cell Counting Kit-8 
solution was added to the medium. After incubation for two 
more hours, the amount of orange formazan dye generated 

was determined by measuring the absorbance at 450 nm 
using a microplate reader (Bio-Rad). Based on CCK-8 
results, mAb 2H7 (10 μg/mL) and B1C4 (5 μg/mL) were 
added into the co-culture system and incubated for 48 
h. Levels of IL-2 and IFN-γ in the supernatants were mea
sured by ELISA (eBioscience) based on the manufacturer’s 
instructions. Mouse IgG was used as a negative control. The 
cell co-culture system without adding any stimulants was 
used as the blank control. Jurkat cells activated by 2 μg/mL 
PHA for 48 h served as the positive control.

Cell Cycle Analysis
The co-culture system was established according to the 
above methods. Jurkat cells activated by 2 μg/mL PHA for 
48 h were used as control. Changes in the cell cycle were 
investigated after co-culture for 24 and 48 h and then treated 
with blocking PD-1 mAb B1C4 (5 μg/mL) for 48 
h. Suspended Jurkat cells were collected after co-culture 
and fixed with 75% ethanol at 4°C overnight. The proportion 
of cells in each stage of the cell cycle was quantitatively 
estimated by propidium iodide (PI) staining and detected 
with a NovoCyte flow cytometer (ACEA Biosciences).

Apoptosis Assay
The cell co-culture system was established according to the 
above methods. Jurkat cells without activation of PHA were 
used as control. Changes in apoptosis level were investi
gated in Jurkat cells activated by 2 μg/mL PHA for 48 h, co- 
cultured for 48 h and co-cultured for 48 h with PD-1 mAb 
B1C4 (5 μg/mL) added. The effect of co-culture system and 
PD-1 mAb B1C4 on apoptosis of Jurkat cells was measured. 
Morphological characteristics of chromatin indicating cell 
apoptosis were observed by DAPI staining under a confocal 
microscope (Leica). The early and late apoptosis cells were 
quantitatively estimated by Annexin V-FITC/PI double 
staining from the NovoCyte flow cytometer (ACEA 
Biosciences) using an Annexin V-FITC/PI apoptosis detec
tion kit (KeyGEN BioTECH).

Immunofluorescence Staining
The cell co-culture system was established according to the 
above methods. Jurkat cells activated by 2 μg/mL PHA for 
48 h were used as control. On the basis of the cell co-culture 
system, 5 μg/mL mAb B1C4 were added to study the effects 
of PD-1 mAb B1C4 on apoptosis-related protein expression 
in Jurkat cells. After co-culture, suspended Jurkat cells were 
collected and fixed with 4% paraformaldehyde for 15 min, 
permeabilized with 0.5% Triton X-100 for 20 min, and 
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blocked with normal goat serum for 30 min to block non- 
specific protein–protein interactions. The anti-PTEN (1:500, 
Abcam, ab170941), anti-phospho-Akt (Thr308) (1:1000, 
Cell Signaling Technology, #2965), anti-Akt (1:1000, 
Abcam, ab200195), anti-phospho-mTOR (1:200, Cell 
Signaling Technology, #5536), anti-mTOR (1:100, Abcam, 
ab2732), anti-cleaved caspase-3 (1:100, Abcam, ab32042), 
anti-cleaved caspase-9 (1:500, Cell Signaling Technology, 
#52873), and anti-Bax (1:100, Abcam, ab199677) were 
then incubated with the cells overnight at 4°C. The secondary 
antibody Alexa Fluor 488-conjugated (green) goat Anti- 
Rabbit IgG (1:100, ZSGB-BIO, ZF-0511) was incubated 
with the cells for 1 h at 37°C. After a final wash, the nuclei 
were counterstained with DAPI (4ʹ,-6-diamidino-2-phenylin
dole, Beyotime, C1005) in 1×PBS for 5 min before imaging. 
Cells were visualized with a confocal microscope (Leica).

Western Blot Analysis
Cell grouping was the same as above. After co-culture, 
suspended Jurkat cells were collected and analyzed for pro
tein on 10% or 12% SDS-polyacrylamide gels (SDS-PAGE). 
Proteins were transferred onto PVDF membranes 
(Millipore). The membranes were blocked with 6% skim 
milk at 37ºC for 1 h and then incubated overnight with 
corresponding antibodies at 4ºC. The following antibodies 
were used: anti-PTEN (1:500, Abcam, ab170941), anti- 
phospho-Akt (Thr308) (1:500, Cell Signaling Technology, 
#2965), anti-Akt (1:500, Abcam, ab200195), anti-phospho- 
mTOR (1:500, Cell Signaling Technology, #5536), anti- 
mTOR (1:500, Abcam, ab2732), anti-cleaved caspase-3 
(1:500, Abcam, ab32042), anti-cleaved caspase-9 (1:500, 
Cell Signaling Technology, #52873), anti-Bax (1:500, 
Abcam, ab199677) and anti-β-Actin (1:1000, Santa Cruz, 
sc-47778). The membranes were then incubated with horse
radish peroxidase (HRP)-conjugated goat anti-rabbit 
(1:2000, ZSGB-BIO, ZB-2301) or anti-mouse IgG (1:2000, 
ZSGB-BIO, ZB-2305) as the secondary antibody at 37ºC for 
1 h. Specific proteins were visualized with Immobilon 
Western Chemiluminescent HRP Substrate (Millipore). 
Protein levels were quantified via densitometry using 
AlphaEaseFC 4.0 software and then normalized against con
trol (100%). β-Actin was used as an internal control.

Effect of the Dual PI3K/mTOR Inhibitor 
on Jurkat Cells
In order to investigate the influence of the dual PI3K/mTOR 
inhibitor (NVP-BEZ235, MedChemExpress, HY-50673) on 

co-cultured HePG2 and Jurkat cells, the cytotoxicity was 
detected by the MTT method and CCK-8, respectively. 
HePG2 cells (5×103) and Jurkat cells (5×104) were seeded 
onto 96-well plates and treated with increasing concentra
tions of NVP-BEZ235 (0, 125, 250, 500 and 1000 nM) for 
24, 48 and 72 h, respectively. Control cells were treated with 
an equal volume of culture medium without NVP-BEZ235. 
Cell viability was compared with control cells (100%). After 
that, the cell co-culture system was established according to 
the methods described above and served as a blank control 
group. mAb B1C4 (5 μg/mL) was used as the positive con
trol. mAb B1C4 in combination with NVP-BEZ235 was 
added into the co-culture system for 48 h to investigate the 
effect of the dual PI3K/mTOR inhibitor on the expression of 
phospho-Akt and phospho-mTOR. The killing effect of 
Jurkat cells on HepG2 cells was analyzed by MTT.

Statistical Analysis
Results were expressed as the mean ± SD. Statistical analysis 
was performed by one-way analysis of variance (ANOVA). 
P<0.05 was considered statistically significant. All analyses 
were performed using IBM SPSS Statistics 23.0.

Results
IFN-γ Induced the Overexpression of PD- 
L1 on the Surface of HepG2 Cells
As illustrated in Figure 1A, the level of PD-L1 expression on 
the surface of HepG2 cells was significantly increased after 
24 h of treatment with IFN-γ (P<0.01). With the increasing of 
IFN-γ concentrations, PD-L1 expression on the surface of 
HepG2 cells increased progressively. The expression of PD- 
L1 achieved a maximum of 241.99% (P<0.01) with IFN-γ at 
10 ng/mL. However, PD-L1 expression decreased when 
IFN-γ reached 20 ng/mL. IFN-γ at 10 ng/mL was then used 
in subsequent experiments to induce the overexpression of 
PD-L1 on the surface of HepG2 cells.27

PHA-Activated Jurkat Cells
The results in Figure 1B demonstrate that PHA promoted 
the Jurkat cells clump together to accelerate their prolif
eration. Moreover, PHA promoted the release of IL-2 by 
Jurkat cell. As the concentration of PHA increased, the 
secretion level of IL-2 cytokines significantly increased 
(Figure 1C, P<0.01). Indicated that the PHA could pro
mote the activation of Jurkat cells through promoting the 
cell proliferation and cytokine secretion. However, exces
sive PHA was cytotoxic to Jurkat cells. When PHA 
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concentration reached 5 μg/mL, the survival rate of Jurkat 
cells decreased compared to the control cell (Figure 1D, 
P<0.01). Therefore, the stimulating concentration of PHA 
was set at 2 μg/mL in the cell co-culture system.

Co-Culture with HePG2 Cells Induced 
PD-1 Overexpression on Jurkat Cells
PD-1 expression on Jurkat cells was determined by FACS 
analysis after co-culture with HepG2 cells. Activated Jurkat 
cells were also cultured alone as controls. As illustrated in 
Figure 2, the expression of PD-1 was induced on Jurkat cells 
after co-culture with HepG2 cells (P<0.001). With the increas
ing co-culture time, the expression level of PD-1 on the surface 

of Jurkat cells also increased, with a reduction after 72 h. Given 
that the prolonged co-culture may lead to changes in cell 
viability or stability, the time limit for cell co-culture was set 
at 48 h.

mAb 2H7 and B1C4 Showed Better 
Blocking Activity for PD-1/PD-L1 
Interaction
As illustrated in Figure 3A, the survival rate of HepG2 cells 
in the co-culture system was significantly decreased (P<0.01) 
after cultured with mAb 2H7, B1C4, 5B2 and 5H7, indicat
ing that the tumor-killing ability of Jurkat cells was enhanced 
by adding four antibodies into co-culture. This suggests that 

Figure 1 Establishment of the co-culture system of Jurkat lymphocytic cell and HePG2 liver cancer cell. (A) The effect of IFN-γ on the expression of PD-L1 by HepG2 cell 
determined by Western blot. Densitometric values analyzed using the AlphaEaseFC 4.0 software program. β-Actin served as an internal control. Protein expression was 
normalized against the control. (B) The effect of PHA on morphology of Jurkat cell observed using an inverted microscope. (C) The cytotoxicity of PHA on Jurkat cells 
detected by Cell Counting-Kit 8. Cell viability was compared with control cells (100%). (D) PHA promotes the secretion of IL-2 by Jurkat cells. The data are presented as the 
mean ± S.D. (n=3), **p<0.01, ***p<0.001 vs control.
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the above mAbs exhibit blocking activity on PD-1/PD-L1 
signal pathway, with a more potent effect show by mAb 2H7 
and B1C4 (P<0.001). The levels of IL-2 in the supernatant 

were also increased compared with the control cell 
(Figure 3B, P<0.001). Hence, mAb 2H7 and B1C4 were 
selected for further experiments.

Figure 2 The expression of PD-1 was up-regulated on Jurkat cells after co-culture with HePG2 cells. (A) The expression of PD-1 on Jurkat cells detected by flow 
cytometry. (B) The percentage of PD-1+ T cells analyzed using IBM SPSS Statistics 23.0. Jurkat cells activated by PHA were cultured alone as controls. The data are 
presented as the mean ± S.D. (n=3), ***p<0.001 vs control.
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Figure 3 B1C4 was screened out from the 14 newly developed mAbs with better blocking activity for PD-1/PD-L1 interaction. (A) Killing ability of Jurkat cells on HepG2 
cells detected by MTT assay after treatment with 14 anti-PD-1 mAbs. (B) Secretion of IL-2 by Jurkat cells measured by ELISA. Co-culture system of HepG2 and Jurkat cells 
were used as controls. The data are presented as the mean ±S.D. (n=3), **p<0.01, ***p<0.001 vs control. (C) The viability of Jurkat cells after treatment with mAb 2H7. (D) 
The viability of Jurkat cells treated with mAb B1C4. The data are presented as the mean ±S.D. (n=3). *p<0.05, **p<0.01 vs 0 μg/mL (24 h); ##p<0.01 vs 0 μg/mL (48 h); 
^^p<0.01 vs 0 μg/mL (72 h). (E) The influence of mAb B1C4 and 2H7 on IL-2 secretion by Jurkat cells after co-culture with HePG2 cells. (F) Influence of mAb B1C4 and 2H7 
on IFN-γ secretion in Jurkat cells after co-cultured with HePG2 cells. The data are presented as the mean ± S.D. (n=3). **p<0.01 vs Jurkat; ##p<0.01 vs Jukat+HepG2; 
^^p<0.01 vs Jukat+HepG2+IgG.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                                           

OncoTargets and Therapy 2020:13 12232

Li et al                                                                                                                                                                 Dovepress

http://www.dovepress.com
http://www.dovepress.com


Function Stimulation of T Cells by mAb 
B1C4
The chronergy and quantitative efficiency of mAb 2H7 and 
B1C4 on Jurkat cells were detected using CCK-8 assay 
(Figure 3C and D). As the concentrations of the mAbs 
increased or the incubation time of the cells was prolonged, 
mAb 2H7 and B1C4 showed a certain degree of cytotoxi
city to Jurkat cells. mAb 2H7 showed no cytotoxicity at the 
concentration of 10 μg/mL within 48 h of culture. Moderate 
cytotoxicity was observed as the concentration of mAb 2H7 
increased to 20 μg/mL or the incubation time was prolonged 
to 72 h (P<0.01). mAb B1C4 showed no cytotoxicity at the 
concentration of 5 μg/mL within 48 h of incubation. 
Cytotoxicity was shown as the concentration of mAb 
B1C4 increased to 10 μg/mL (P<0.05) or the incubation 
time was prolonged to 72 h (P<0.01).

Based on these results, mAb 2H7 (10 μg/mL) and 
B1C4 (5 μg/mL) were added into the co-culture system 
for 48 h, respectively, to further investigate the effects of 
the two blocking PD-1 mAbs on cytokine secretion by 
Jurkat cells. As shown in Figure 3E and F, the levels of 
IL-2 and IFN-γ released by PHA-activated Jurkat cells 
were 132.85±4.29 pg/mL and 86.92±5.20 pg/mL, respec
tively, which were significantly decreased after co-culture 
with HePG2 cells for 48 h (P<0.01). There were no sig
nificant changes compared with the co-culture group with 
a control antibody (mouse IgG). Compared with the co- 
culture group and the mouse IgG group, the levels of IL-2 
and IFN-γ were significantly increased after added mAb 
2H7 and B1C4 into the co-culture (P<0.01), where B1C4 
showed a better effect. The results showed that mAb B1C4 
more effectively reverses the immunosuppressive status of 
Jurkat cells in the co-culture system according to promote 
the secretion of cytokines IL-2 and IFN-γ in Jurkat cells.

mAb B1C4 Improved the Cell Cycle 
Delay of Jurkat Cells Caused by 
Co-Cultured with HePG2 Cells
We then used flow cytometry to perform cell cycle analysis. 
Figure 4 shows the cell cycle distribution of Jurkat cells 
activated by 2 μg/mL PHA for 48 h was 44.73%±1.76% in 
G1/G0 phase, 28.61%±1.19% in S phase, and 25.35% 
±1.35% in G2/M phase. After co-culture with HepG2 cells 
for 24 and 48 h, the percentage of Jurkat cells decreased in 
G1/G0 phase and G2/M phase (P<0.05), but significantly 
increased in S phase (P<0.01). In addition to mAb B1C4 
into the co-culture system for 48 h, the percentage of Jurkat 

cells showed no significant changes in G1/G0 phase but 
significantly decreased in S phase and increased in G2/M 
phase (Figure 4B, P<0.01). These results indicate that co- 
culture with HePG2 cells leads to Jurkat cell cycle delay in 
S phase. Anti-PD-1 mAb B1C4 promotes cell cycle progres
sion from S to G2/M. Therefore, co-culture with HePG2 cells 
may suppress the immune function of Jurkat cells by delay
ing the cell cycle in S phase. B1C4 promotes the progression 
of cell cycle to restore the function of Jurkat cells.

mAb B1C4 Inhibited the Apoptosis of 
Jurkat Cells Induced by Co-Culture with 
HePG2 Cells
We examined changes in the morphological characteristics of 
chromatin indicative of apoptosis. Homogeneous chromatin 
morphology was observed in Jurkat cells cultured alone (inac
tivated and activated). After co-culture with HePG2 cells, 
Jurkat cells exhibited morphological features of apoptosis, 
such as chromatin condensation and marginalization or nuclei 
fragmentation. Cell apoptosis in co-culture system was 
improved after incubation with mAb B1C4 (Figure 5A). The 
results in Figure 5B and C show that, compared with Jurkat 
cells without PHA treatment (3.56%±0.60%), the percentage 
of apoptotic cells was increased to 9.32%±0.62% after acti
vated by PHA (2 μg/mL). When PHA-activated (2 μg/mL, 48 
h) Jurkat cells were co-cultured with IFN-γ pretreated (10 ng/ 
mL, 24 h) HepG2 cells for 48 h, the total apoptosis rate of 
Jurkat cells was increased to 33.52%±0.97% (P<0.01). When 
the cell co-culture system was incubated with mAb B1C4 for 
48 h, the total apoptosis rate of Jurkat cells was decreased to 
25.85%±1.24% (P<0.01). The results indicate that co-culture 
with hepatoma cells induces the apoptosis of Jurkat cells, 
resulting in immune function suppression. B1C4 inhibits the 
apoptosis of Jurkat cells in the co-culture system to promote 
the immune function recovery.

mAb B1C4 Reversed the 
Immunosuppression of Jurkat Cells Caused 
by Co-Cultured with HePG2 Cells 
Through Inhibiting PTEN and Activating 
PI3K/AKT/mTOR Signaling Pathway
Since phosphatases and tensin homolog (PTEN) is an essen
tial tumor suppressor gene that encodes a phosphatase that 
antagonizes PI3K/AKT/mTOR anti-apoptotic pathway,28,29 

we next examined whether mAb B1C4 inhibit the apoptosis 
of Jurkat cells through PTEN. As shown in Figure 6, PTEN 
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protein level in Jurkat cells was significantly increased after 
co-culture with HePG2 cells. However, PTEN was decreased 
after treatment with mAb B1C4. In contrast, p-AKT and 
p-mTOR were significantly increased after treatment with 
mAb B1C4, which inhibited Bax, cleaved caspase-9 and the 
downstream effector cleaved caspase-3 leading to apoptosis 
of Jurkat cells induced by co-cultured with hepatoma cells. 
Western blot further confirmed the decrease of PTEN in 
Jurkat cells treated by mAb B1C4 (Figure 7). Figure 8A 
and B showed that cytotoxicity on both HePG2 and Jurkat 
cells appeared as the concentration of NVP-BEZ235 
increased to 500 nM (P<0.01). NVP-BEZ235 showed no 
cytotoxicity on HePG2 cells at the concentration of 250 nM 
within 48 h of incubation, but with cytotoxicity for Jurkat 
cells within 24 h incubation (P<0.05). Therefore, 125 nM 
NVP-BEZ235 together with 5 μg/mL mAb B1C4 were 
added into the co-culture system for 48 h in the following 
studies. Results in Figure 8C show that compared with mAb 
B1C4 added alone, the expression of p-AKT (P<0.01) and 
p-mTOR (P<0.05) was significantly decreased in the pre
sence of NVP-BEZ235. The killing ability of Jurkat cells 
on HePG2 which was promoted by mAb B1C4 was also 
inhibited by NVP-BEZ235 (Figure 8D). These results indi
cate that activation of PI3K/AKT/mTOR signaling pathway 

by mAb B1C4 was blocked by the dual PI3K/mTOR inhi
bitor. These results suggest that mAb B1C4 inhibits PTEN 
and activate PI3K/AKT/mTOR signaling pathway in Jurkat 
cells, which may inhibit the apoptosis of Jurkat cells induced 
by PD-L1 expressed on hepatoma cells (Figure 9).

Discussion
PD-1 and PD-L1 interaction has been demonstrated to 
negatively regulate T-cell receptor signaling to further 
inhibit the cell activation and function, leading to inhibi
tion of the immune response in cancer patients.30,31 PD-1 
is selectively overexpressed on depleted effector T cells. In 
acute infection stage of LCMV (lymphocytic choriome
ningitis virus), the expression level of PD-1 on the surface 
of effector T lymphocytes increased, and the expression of 
PD-1 on memory T cells decreased or no expression after 
the infection was restored.32,33 A CD4+ T cell line Jurkat 
cells were used as effector T cells co-cultured with hepa
toma cells. FACS analysis showed that tumor cells induced 
PD-1 expression on T cells.34 In this study, Jurkat cells 
activated by PHA to promote the secretion of IL-2 and 
IFN-γ were used to simulate effector T cells. IFN-γ is 
a cytokine that induces PD-L1 in tumor cells and was 
therefore used to stimulate HepG2 cells to overexpress 

Figure 4 mAb B1C4 improved cycle delay of Jurkat cells caused by co-culture with HePG2 cells. (A) The percentage of Jurkat in each phase of the cell cycle was estimated 
using a flow cytometer. (B) The percentage of Jurkat in each phase analyzed using IBM SPSS Statistics 23.0. Jurkat cells activated by 2 μg/mL PHA for 48 h were used as 
control. Data are presented as the means ± S.D. (n=3). *p<0.05, **p<0.01 vs control; ##p<0.01 vs the co-culture group for 48 h.
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PD-L1.27 The two pretreated cells were co-cultured to 
mimic the tumor microenvironment where the immune 
activity of T cells was inhibited after interaction with 
hepatoma cells. The co-culture system was used to evalu
ate the blocking activity of 14 newly generated anti-human 
PD-1 mAbs. We found that co-cultured with hepatoma 
cells can up-regulate the expression of PD-1 on Jurkat 
cells. The levels of cytokines including IL-2 and INF-γ 
in culture supernatant and the killing ability of T cells for 
hepatoma cells were significantly elevated in culture with 
mAb B1C4. This suggests that the immune reaction by 
blocking PD-1/PD-L1 pathway with anti-PD-1 mAb B1C4 
restores the function of Jurkat T cells.

PD-L1 expressed on tumor cells interact with PD-1 on 
effector T lymphocytes that induces a series of immunosup
pressive responses, allowing tumor cells to evade immune 
clearance.35 Studies have found that PD-1 protein expressed 
in T lymphocytes blocks the progression of their cycles, thus 
inhibiting T cell proliferation.36 The expression of PD-1 on 
CD8+ T lymphocytes in HCC patients has an adverse reg
ulative effect on cell activation and proliferation.37 PD-L1 
expressed on tumor cells contributed to tumor aggressiveness 
and postoperative recurrence in HCC patients.38 In addition, 
the interaction between PD-1 and PD-L1 may be involved in 
inducing T lymphocyte apoptosis.39 However, the molecular 
mechanisms about how PD-1/PD-L1 pathway operates 

Figure 5 mAb B1C4 inhibited the apoptosis of Jurkat cells induced by co-culture with HePG2 cells. (A) Jurkat cells stained with DAPI for cell nuclei and observed under 
laser-scanning confocal microscopy. White arrows indicate condensed chromatin, marginalization or nuclei fragmented into apoptotic bodies. (B, C) Apoptosis of Jurkat cells 
estimated using a flow cytometer. Jurkat cells without activation by PHA were used as controls. The bar graphs show the percentage of apoptotic cells for each of the 
indicated conditions. The data are presented as the mean ± S.D. (n=3), **p<0.01 vs control; ##p<0.01 vs the PHA-activated Jurkat cells; ^^p<0.01 vs Jurkat (PHA)+HepG2 
(IFN-γ).
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Figure 6 The expression of PTEN, p-Akt, Akt, p-mTOR, mTOR, Cleaved caspase-9, Cleaved caspase-3 and Bax in Jurkat cells determined by immunofluorescence staining. 
(A) Proteins stained by indirect fluorescence with secondary antibodies conjugated to Alexa Fluor-488 (green). Nuclei were counterstained with DAPI (blue). 
A representative image (n=3) is shown. Images were collected using a Leica TCS SP5 confocal imaging system. (B) The bar graphs show the fluorescence intensity of 
the proteins. The data are presented as the mean ± S.D. (n=10). *p<0.05, **p<0.01 vs Jurkat (PHA); ##p<0.01 vs Jurkat (PHA)+HepG2 (IFN-γ).
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between T cells and tumor cells in HCC patients are rarely 
reported. In this study, we found that co-culture with HePG2 
cells enhanced the expression of PD-1 on Jurkat cells that 
result in cell cycle delay in S phase. mAb B1C4 reduces the 

S phase delay and promotes the transition of Jurkat cells from 
S phase to G2/M phase. Also, the apoptosis of Jurkat cells 
induced by co-culture with hepatoma cells is inhibited by 
mAb B1C4. These results indicate the potential of mAb 

Figure 7 The expressions of PTEN, p-Akt, Akt, p-mTOR, mTOR, Bax, Cleaved caspase-3 and Cleaved caspase-9 in Jurkat cells determined by Western blot. Densitometric 
values were analyzed using the AlphaEaseFC 4.0 software program. β-Actin was used as an internal control. Jurkat cells activated by 2 μg/mL PHA for 48 h were used as 
controls and protein levels were normalized against the control. The data are presented as the means ± S.D. (n=3). *p<0.05, **p<0.01 vs Jurkat (PHA); #p< 0.05, ##p< 0.01 vs 
Jurkat (PHA)+HepG2 (IFN-γ).
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Figure 8 Activation of PI3K/AKT/mTOR signaling pathway by mAb B1C4 was blocked by the dual PI3K/mTOR inhibitor (NVP-BEZ235). (A, B) The viability of HePG2 and 
Jurkat cells after treatment with NVP-BEZ235. The data are presented as the mean ±S.D. (n=3). *p<0.05, **p<0.01 vs 0 nM NVP-BEZ235. (C) Influence of NVP-BEZ235 on 
the protein expression by Jurkat cells in co-culture system detected by Western blot. Densitometric values were analyzed using the AlphaEaseFC 4.0 software program. β- 
Actin was used as an internal control. Jurkat cells co-cultured with HePG2 cells for 48 h were used as controls and protein expression was normalized against the control. 
The data are presented as the means ± S.D. (n=3). *p<0.05, **p<0.01 vs Jurkat (PHA)+HepG2 (IFN-γ); #p<0.05 vs (PHA)+HepG2 (IFN-γ)+mAb (B1C4). (D) Influence of the 
dual PI3K/mTOR inhibitor (NVP-BEZ235) on killing ability of Jurkat cells in co-culture system detected by MTT assay. The data are presented as the means ± S.D. (n=3). 
**p<0.01 vs (PHA)+HepG2 (IFN-γ); ##p<0.01 vs Jurkat (PHA)+HepG2 (IFN-γ)+mAb (B1C4).
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B1C4 in the treatment of liver cancer. But recent studies have 
found that the liver tumors not only compromise intrahepatic 
immunity but also affect distant antitumor immunity and may 
contribute to the reduced efficacy of systemic anti–PD-1 
treatment seen in the clinical setting. Liver involvement in 
patients with cancer could significantly compromise sys
temic antitumor immunity even at distant sites and may 
provide a mechanism of checkpoint inhibitor immunothera
pies (CPIs) resistance in the setting of liver metastasis. Treg- 
targeting combination immunotherapy strategies restored the 
systemic antitumor immunity and CPI responsiveness.40 In 
future research, we need to further investigate the therapeutic 
effect of PD-1 mAb B1C4 on liver cancer.

The PI3K/AKT signal pathway plays an essential role in 
regulating cell proliferation and apoptosis. External factors 
stimulating PI3K promote the phosphorylation of down
stream AKT protein, which activates or inhibits downstream 
apoptosis-related proteins, thus regulating the proliferation, 
differentiation, apoptosis, and migration of cells.41,42 PTEN 
is a primary negative regulator of Akt signaling, and the loss 
of PTEN function has been associated with many human 
cancers.43,44 PTEN antagonizes the effect of PI3K, inhibits 

the phosphorylation of AKT, ie, inhibits the activation of 
PI3K/AKT signaling pathway which is involved in anti- 
apoptosis effect.45 Our study showed co-culture with 
HePG2 cells induces the upregulation of PTEN protein in 
Jurkat cells, thus inhibiting the activation of PI3K/AKT 
signal pathway and leading to apoptosis of the cells. 
Monoclonal antibody B1C4, however, inhibits the expres
sion of PTEN, activates the PI3K/AKT signaling pathway to 
increase the expression of downstream anti-apoptotic protein 
p-mTOR, and reduces the expression of proapoptotic pro
teins Bax, cleaved caspase-9, and cleaved caspase-3, thus 
inhibiting the apoptosis of Jurkat cells. The ATP-competitive 
PI3K and mTOR dual inhibitor NVP-BEZ235 counteract the 
effect of mAb B1C4 in the promotion of p-Akt and 
p-mTOR. However, we found that NVP-BEZ235 had no 
significant effect on downstream apoptosis-related mole
cules, ie, Bax, cleaved caspase-9, and cleaved caspase-3. 
The reason may be that the downstream signaling pathway 
of PI3K is more complex, beyond the involvement of 
mTOR, Bax, caspase-3, and caspase-9 proteins in the path
way. In addition, some studies have reported the mutation of 
PTEN in Jurkat cells. The PTEN deficiency in Jurkat T cells 
causes constitutive activation and premature priming of 

Figure 9 mAb B1C4 reversed the immunosuppression of Jurkat cells caused by co-culture with HePG2 cells through inhibiting PTEN and activating PI3K/AKT/mTOR 
signaling pathway.
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T-cell receptor (TCR) signaling pathways. Although the 
PTEN-deficient cells were also hyperresponsive to TCR 
stimulation, signaling models based on results from Jurkat 
T-cell lines may underestimate the role of PI3K in TCR 
signaling. Moreover, considering the complexity of the 
tumor microenvironment and tumor heterogeneity, the 
extraction of T lymphocytes from human peripheral blood 
can better simulate the tumor microenvironment.46 

Therefore, the whole process of PD-1 monoclonal antibody 
B1C4 regulating Jurkat cell apoptosis by activating the 
PI3K/AKT signaling pathway remains further investigation 
with a better model of cell disease.

In conclusion, we established a cell-co-culture system 
of HePG2 liver cancer cell and Jurkat T lymphocyte. 
Killing ability of Jurkat cells on HepG2 cells and the 
secretion levels of IL-2 and IFN-γ in the supernatants 
were detected to screen out the blocking mAb B1C4 
from the 14 newly generated mouse anti-human PD-1 
mAbs. Furthermore, we investigate the effect and 
mechanism of the mAb B1C4 on reversing the immuno
suppression of Jurkat cells. Our results demonstrate that 
mAb B1C4 enhances the killing ability of Jurkat cells on 
HePG2 cells by promoting the secretion of IL-2 and 
IFN-γ. Further, mAb B1C4 promotes Jurkat cell cycle 
progression from S to G2/M and inhibits cell apoptosis 
to restore the function suppressed by hepatoma cells. 
The molecular mechanism study demonstrates that mAb 
B1C4 reverses the immunosuppression of Jurkat cells 
resulted by co-culture with HePG2 cells by inhibiting 
PTEN and activating PI3K/AKT/mTOR signaling path
way. Our study provides a vital basis for applying PD-1 
monoclonal antibodies on HCC, and provides antibody 
selection for the development of novel PD-1 monoclonal 
antibodies with blocking activity.
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