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Abstract. The aim of the present study was to use The Cancer 
Genome Atlas (TCGA) database to identify tumor neoantigens, 
combined with a bioinformatics analysis to design and analyze 
antigen epitope peptides. Epitopes were screened using immu‑
nogenicity tests to identify the ideal epitope peptides to target 
tumor neoantigens, which can specifically activate the immune 
response of T cells. The high‑frequency mutation loci (top 10) 
of colorectal, lung and liver cancer genes were screened using 
TCGA database. The antigenic epitope peptides with high 
affinity for major histocompatibility complex molecules were 
selected and synthesized using computer prediction algo‑
rithms, and were subsequently detected using flow cytometry. 
The cytotoxicity of specific cytotoxic T lymphocytes (CTLs) 
on peptide‑loaded T2 cells was initially verified using inter‑
feron IFN‑γ detection and a calcein‑acetoxymethyl (Cal‑AM) 
release assay. Tumor cell lines expressing point mutations in 
KRAS, TP53 and CTNNB1 genes were constructed respec‑
tively, and the cytotoxicity of peptide‑induced specific CTLs 
on wild‑type and mutant tumor cells was verified using a 
Cal‑AM release assay and carboxyfluorescein succinimidyl 
ester‑propidium iodide staining. The high‑frequency gene 

mutation loci of KRAS proto‑oncogene (KRAS) G12V, tumor 
protein p53 (TP53) R158L and catenin β1 (CTNNB1) K335I 
were identified in TCGA database. A total of 3 groups of 
wild‑type and mutant peptides were screened using a peptide 
prediction algorithm. The CTNNB1 group had a strong affinity 
for the human leukocyte antigen‑A2 molecule, as determined 
using flow cytometry. The IFN‑γ secretion of specific CTLs in 
the CTNNB1 group was the highest, followed by the TP53 and 
the KRAS groups. The killing rate of mutant peptide‑induced 
specific CTLs on peptide‑loaded T2 cells in the CTNNB1 
group was higher compared with that observed in the other 
groups. The killing rate of specific CTLs induced by mutant 
peptides present on tumor cells was higher compared with that 
induced by wild‑type peptides. However, when compared with 
the TP53 and KRAS groups, specific CTLs induced by mutant 
peptides in the CTNNB1 group had more potent cytotoxicity 
towards mutant and wild‑type tumor cells. In conclusion, 
point mutant tumor neoantigens screened in the three groups 
improved the cytotoxicity of specific T cells, and the mutant 
peptides in the CTNNB1 group were more prominent, indi‑
cating that they may activate the cellular immune response 
more readily.

Introduction

Tumor immunotherapy has become an effective treatment 
option following surgery, chemotherapy and radiotherapy in 
some specific types of cancer, such as acute lymphoblastic 
leukemia  (1). Cancer immunotherapy includes immune 
checkpoint inhibitors, adoptive cell transfer therapy (ACT), 
tumor‑specific vaccines and small molecule inhibitors (1).

Tumor antigens can be divided into tumor‑specific 
antigens (TSAs), tumor‑associated antigens (TAAs) and 
cancer‑testis antigens. TAAs are overexpressed in tumor 
cells; however, they are typically present in low amounts in 
healthy cells. During thymic development, T cells undergo 
positive and negative selection, in which T cells with high 
affinity to autoantigens are eliminated naturally, and only 
the T cells with low affinity to autoantigens develop and 
mature (2). At present, vaccines targeting TAAs are often 
affected by central or peripheral immune tolerance or cause 
serious side effects (2).
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New tumor antigens (neoantigens), also known as TSAs, 
are novel antigens encoded by a mutation in tumor cells, which 
are not expressed in healthy host cells. Major somatic muta‑
tions, such as gene fusion, point and deletion mutations, can 
produce abnormal proteins (3). These proteins can be specifi‑
cally recognized by T cells following presentation, resulting in 
an immune response (3). Therefore, immunotherapy targeting 
different tumor neoantigens has become a novel prospect in 
the treatment of solid tumors.

Individualized immunotherapy and precision medicine 
have emerged as the future of malignant tumor treatment. 
Individualized tumor immunotherapy is a novel type of 
treatment based on identifying specific tumor neoantigens 
expressed in each individual patient. This type of therapy 
uses sequencing and bioinformatic analyses on specific tumor 
tissues of patients (4), and includes the use of personalised 
vaccines or ACT to activate the immune response using a 
combination of experimental screening and synthesis of 
peptides (5).

In the present study, genes with a high frequency of point 
mutations in colorectal, lung and liver cancer were screened 
using The Cancer Genome Atlas (TCGA) database, and three 
groups of antigen epitope peptides with a strong affinity for 
major histocompatibility complex (MHC) molecules were 
selected using a computer prediction algorithm, which identi‑
fied mutant peptides of KRAS proto‑oncogene (KRAS) G12V, 
tumor protein p53 (TP53) R158L and catenin β1 (CTNNB1) 
K335I. The ideal epitope peptides that could specifically 
activate T‑cell immune responses were screened using 
immunogenicity tests. The present study aimed to perform a 
preliminary screening of tumor neoantigens and immunogenic 
epitopes, to provide a foundation for individualized immuno‑
therapy and precision medical treatment in the late stages of 
oncogenesis (6).

Materials and methods

Reagents. The human HCT116 colorectal cancer, T2 cell 
lines, human HepG2 liver cancer and human NCI‑H292 lung 
cancer cell lines were obtained from and authenticated using 
short‑tandem repeat analysis by The Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences. Human 
peripheral blood was collected from laboratory healthy volun‑
teers [pre‑determined human leukocyte antigen (HLA)‑A2 
positive] and written informed consent was provided by each 
volunteer.

The synthesis of wild‑type and mutant peptides was 
performed by Shanghai Biology Co., Ltd. (http://www.china‑
peptides.com/). The upstream and downstream primers reverse 
transcription‑quantitative (RT‑q)PCR were synthesized by 
Beijing Qingke Biotechnology Co., Ltd.. Lipofectamine® 3000 
and TRIzol® were purchased from Invitrogen (Thermo Fisher 
Scientific, Inc.). The SYBR Green qPCR mix was purchased 
from Promega Corporation. BamH1 and Sal1 restriction 
endonucleases were purchased from New England BioLabs, 
Inc. CD3 (cat. no. 05131‑20) and CD28 (cat. no. 10311‑20) 
monoclonal antibodies were purchased from PeproTech, Inc. 
Carboxyfluorescein succinimidyl ester (CFSE)‑fluorescein 
isothiocyanate (FITC) fluorescent dye, phycoerythrin (PE) 
anti‑human CD3 (cat. no. 300307), FITC anti‑human CD4 

(cat. no. 357405), FITC anti‑human CD8 (cat. no. 344703), 
PE‑Cyanine 7 (Cy7) anti‑human CD25 (cat. no. 302611), FITC 
anti‑human HLA‑A2 (cat. no. 343303) and granzyme B anti‑
bodies (cat. no. 515403) were purchased from BioLegend, Inc. 
X‑VIVO culture medium was purchased from Lonza Group, 
Ltd.. The plasmid extraction kit was purchased from Omega 
Bio‑Tek, Inc. The ELISA kit for IFN‑γ (cat. no. 1110002) 
was purchased from Neobioscience Technology Co., Ltd.. 
Calcein‑acetoxymethyl (Cal‑AM) and propidium iodide (PI) 
fluorescent dyes were purchased from the Japan Research 
Institute, Ltd.. Recombinant human (rh)interleukin (IL)‑2, 
rhIL‑7, rhIL‑15, rhIL‑4, tumor necrosis factor (rhTNF)‑α 
and granulocyte‑macrophage colony‑stimulating factor 
(rhGM‑CSF) all were recombinant human cytokines, which 
were purchased from Sangon Biotech Co., Ltd.

TCGA database screening of gene mutation sites. The ‘mutant 
gene’ column of colon, lung and liver cancer was searched in 
TCGA database (https://portal.gdc.cancer.gov/), and the top 10 
genes with the highest mutation frequency in these three types 
of cancer were identified. The mutation sites with a single base 
substitution were screened out and used for further evaluation.

The immune presentation ability of epitope peptides evaluated 
using the SYFPEITHI, BIMAS prediction system. The epitope 
peptide score of colon, lung and liver cancer containing a gene 
mutation site was predicted (9 aa, HLAA201). According to the 
location of mutation in wild‑type and mutant peptides, Epitope 
peptides with higher scores (≥8 points) before (wild‑type) 
and after gene locus mutation (mutant) were screened out 
for further evaluation. A total of 6 epitope peptides (Table I) 
were screened and divided into the following three groups: 
Wild‑type and mutant peptides of the KRAS group, TP53 
group, and the CTNNB1 group, respectively, which were 
synthesized by the aforementioned company. (SYFPEITHI 
prediction system: The immune presentation ability of epitope 
peptides could be evaluated by these prediction systems. The 
prediction score of epitope peptide indicated the ability of 
immune presentation (7,8).

Verifying the affinity of epitope peptides to HLA‑A2 mole‑
cules. T2 cells are B cells with the HLA‑A2 gene. These cells 
are deficient in the antigen polypeptide transporter, which 
is required for endogenous antigen presentation, as they 
are unable to present their own antigens on the cell surface. 
Therefore, MHC I molecules on the T2 cell surface are often 
used to present foreign antigens for immune cell recognition in 
immunological functional testing experiments (9,10).

T2 cells were inoculated in a 6‑well plate with RPMI‑1640 
containing 10% FBS in 37˚C and 5% CO2 incubators, at a 
density of 1x106 cells/ml. A total of 3 groups of the afore‑
mentioned wild‑type and mutant epitope peptides (20 ug/ml) 
were added to the 6‑well plate with a well for each peptide. 
Following a 4‑h incubation at 37˚C, the mean fluorescence 
intensity (MFI) was detected using a Gallios flow cytometer 
(Beckman Coulter, Inc.) using a labelled HLA‑A2‑FITC 
fluorescent antibody (ready to use, incubation in 4˚C for 
20 min). The affinity was measured using the flowing equa‑
tion: Fluorescence index=(MFI of epitope peptide‑background 
MFI)/background MFI. Fluorescence index >1.0 indicated the 
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strong stability, fluorescence index <0.5 indicated the weakest 
stability.

Specific cytotoxic T lymphocytes (CTLs) induced by epitope 
peptides in vitro
Dendritic cells (DCs) cultured in vitro. Human peripheral 
blood mononuclear cells obtained from laboratory healthy 
volunteers (PBMCs; HLA‑A2+, 300 x g centrifugation in 37˚C 
for 30 min) were cultured in 37˚C and 5% CO2 incubators for 
4 h. The culture medium was removed and the adherent cells 
were isolated. rhGM‑CSF [1,000 international units (IU)/ml] 
and rhIL‑4 (500 IU/ml) were added to stimulate the growth of 
monocytes. On the 3rd and 6th day, 10 µg/ml rhTNF‑α was 
added to promote the maturation of DCs and supplemented 
with cytokines [rhGM‑CSF (1,000 IU/ml), rhIL‑4 (500 IU/ml), 
rhTNF‑α (10 µg/ml)]. From the 6th day, rhTNF‑α (10 µg/ml) 
was added every day until the 9th day, and mature DCs were 
harvested by washing the cells with PBS.

Specific CTLs induced by wild‑type and mutant peptides 
in each group. In the first round of stimulation, PBMCs 
(2x106 cells/well) were inoculated in a 6‑well plate and the 
corresponding three groups of wild‑type peptides (20 µg/ml), 
mutant peptides (20 µg/ml) and β2‑microglobulin (PeproTech, 
3 µg/ml) were added to each well. IL‑2 (100 IU/ml) and TNF‑α 
(800 IU/ml) were added to each well every 2 days for 7 days. 
In the second round of stimulation, mature DCs were added to 
the three groups of wild‑type and mutant peptides (20 µg/ml) 
and subsequently co‑cultured with PBMCs at a ratio of 1:10. 
The proliferation of T lymphocytes was stimulated by adding 
the cytokines, IL‑2, IL‑7 and IL‑15 (10 ng/ml), every 3 days 
for 7 days. In the third round of stimulation, CD3 and CD28 
monoclonal antibodies (2 µg/ml) were added to stimulate the 
proliferation of specific T lymphocytes. Specific effective 
T cells were collected on the 21st day (300 x g centrifuga‑
tion in 37˚C for 5 min) for functional detection. Therefore, 
six corresponding specif﻿﻿ic T lymphocyte subsets targeting 
three groups of wild‑type and mutant peptides were obtained 
(Table II).

Detection of subsets of specific T lymphocytes. The CTLs from 
culture on day 21 were labelled with ready to use CD3‑PE, 
CD8‑FITC, CD4‑FITC and CD25‑PE‑Cy7‑flow fluorescent 
antibodies and incubated at 4˚C for 20 min in the dark. Each 
tube was washed twice with PBS containing 2% FBS (Gibco; 
Thermo Fisher Scientific, Inc.). The supernatant was discarded 
following centrifugation at 400 x g in 37˚C for 5 min. The cells 

were resuspended with PBS in flow tube and analysed using 
flow cytometry.

Detection of CTL cell proliferation. CTLs from culture on 
day 14 were placed into Eppendorf® tubes and incubated with 
CFSE fluorescent dye (final concentration, 1 µmol/l) for 10 min 
at 37˚C. CTLs were washed twice with X‑VIVO medium and 
cultured into a 6‑well plate at a density of 1x106 cells/well in 
X‑VIVO medium in an incubator at 37˚C with 5% CO2. A 
total of 1x105 cells were detected using flow cytometry for 
4 consecutive days from the 16th to the 19th day. The cell 
proliferation was analysed using the Modfit software (Verity 
Software House, v5.0.9). The software would automatically fit 
cell different generations, when the cells were in the state of 
proliferation and division.

ELISA for the detection of IFN‑γ secretion in T lymphocytes 
stimulated by epitope peptides in vitro. T2 cells treated with 
3 groups of epitope peptides and the peptide‑induced specific 
T‑lymphocytes were mixed and cultured at a density of 
1x106 cells/well at 37˚C for 24 h. The cell culture supernatant 
was extracted from each group (500 µl) following centrifugation 
at 400 x g at 37˚C for 5 min. Detection of IFN‑γ secretion 
using ELISA was performed according to the manufacturer's 
protocol. The experimental groups are shown in Table III.

Preliminary detection of cytotoxic activity of specific CTLs 
using Cal‑AM release assay. The greater release of Cal‑AM 
from tumor cells, the stronger the cytotoxic activity. T2 cells 
were stained with 2 µg/ml Cal‑AM at 37˚C for 10 min in the 
dark. Following centrifugation in 300 x g at 37˚C for 5 min, 
twice with sterile PBS, T2 cells were added to the three groups 
of epitope peptides (20 µg/ml) and incubated at 37˚C for 4 h. 
Target cells were inoculated in 96‑well plates (1x105 cells/ml; 
100 µl/well). Effective CTLs were added according to the 
effective target ratio of 20:1 with a volume of 100 µl/well. 
The maximum release group (2% Triton X‑100 treated T2 
cells for 24 h) and the self‑releasing group (T2 cells only) 
were prepared. The final volume of each well was 200 µl, and 
each group was analyzed in triplicate. Following co‑culture 
at 37˚C for 24  h (including the experimental group, the 
maximum release group, the self‑releasing group), 80 µl/well 
supernatant was collected by centrifugation in 300 x g at 
37˚C for 5 min, and the optical density (OD) values of each 
group were measured using an automatic microplate reader 
(Thermo Fisher Scientific, Inc.) at an excitation wavelength of 
485 nm and an emission wavelength of 536 nm. The killing 

Table I. WT and mutant epitope peptides.

Gene	 Mutation locus	 WT epitope peptide sequence (name)	 Mutant epitope peptide sequence (name)

KRAS	 G12V	 YKLVVVGAG (KRAS WT)	 YKLVVVGAV (KRAS mutant)
TP53	 R158L	 VRAMAIYKQ, (TP53 WT)	 VLAMAIYKQ (TP53 mutant)
CTNNB1	 K335I	 IMRTYTYEK, (CTNNB1 WT)	 IMRTYTYEI (CTNNB1 mutant)

Underlined amino acid letter indicates the differences between the WT and mutant peptide. WT, wild‑type; KRAS, KRAS proto‑oncogene; 
TP53, tumor protein 53; CTNNB1, catenin β1.
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rate was calculated as follows: Killing rate (%)=(ODexperimental 

group‑ODself‑release group)/(ODmaximum release group‑ODself‑release group) x100. 
The experimental groups are shown in Table III.

For the antibody blocking experiments, homotypic control 
antibody (FITC Mouse lgG2b, Isotype Control, ready to use, 
cat. no. 555057, eBioscience; Thermo Fisher Scientific, Inc.) 
or HLA‑A2 antibody were added to the target cells (T2 cells) 
and incubated at 37˚C with 5% CO2 for 60 min. Target cells 
were added to 96‑well plates (1x105 cells/ml; 100 µl/well) 
with the three groups of mutant peptide‑induced CTLs 
(1x105 cells/ml; 100 µl/well), which were tested according to 
the aforementioned Cal‑AM release assay.

Construction of recombinant eukaryotic expression plas‑
mids. TRIzol® was used to extract RNA from HCT116 
colon cancer cells, and the RNA was reverse transcribed 
into cDNA. The reverse transcription conditions were as 
follows: 25˚C For 5 min, 42˚C for 60 min, 70˚C for 15 min, 
and 4˚C for 10 min (GoScript™ Reverse Transcription Mix, 
Promega Corportation). Upstream and downstream primers 
for mutant genes were designed and synthesized (Table IV). 
Using the site‑directed mutagenesis PCR method (11), the 
12th amino acid translated from the KRAS gene was trans‑
formed from glycine (G) to valine (V) by changing the codon 
from GGT to GTT. The PCR amplification conditions were 
as follows: 98˚C For 10  sec, 58˚C for 5  sec and 72˚C for 
90 sec, for 35 cycles (PrimeSTAR Max DNA Polymerase, 
Takara Biotechnology Co., Ltd.). The high‑fidelity enzyme 
amplification product was identified using 1% agarose gel 
electrophoresis with ethidium bromide. The mutant KRAS 
G12V gene fragment was ligated with the pIRES2‑EGFP 
plasmid (Guangzhou Aiji Biotechnology Biological Co., 
Ltd.) using BamH1 and Sal1 restriction endonucleases (New 
England BioLabs, Inc.) at 16˚C overnight. The recombinant 
plasmid, KRAS G12V‑pIRES2‑EGFP, was obtained from 
the correctly sequenced (sequenced by Guangzhou Qingke 

Biotechnology Co., Ltd.) genetically engineered bacteria 
(DH5α) using a removing endotoxin plasmid extraction kit 
(Omega Bio‑Tek, Inc.).

The RNA of NCI‑H292 lung cancer cells was extracted 
and reverse transcribed into cDNA as aforementioned. Using 
the site‑directed mutagenesis PCR method, TP53 mutation 
gene was needed to be amplified by two pairs PCR primers 
(TP53‑F1,R1,F2,R2). The 158th amino acid translated from the 
TP53 gene was transformed from arginine (R) to leucine (L) by 
changing the codon from CGC to CTC. The steps of plasmid 
construction were the same as aforementioned, obtaining the 
recombinant plasmid TP53‑R158L‑pIRES2‑EGFP.

The RNA of HepG2 liver cancer cells was extracted and 
reverse transcribed into cDNA as aforementioned. Using 
the site‑directed mutagenesis PCR method, CTNNB1 muta‑
tion gene was needed to be amplified by two pairs PCR 
primers (CTNNB1‑F1,R1,F2,R2). The 335th amino acid 
translated from the CTNNB1 gene was transformed from 
lysine (K) to isoleucine (I) by changing the codon from 
AAA to ATA. The steps of plasmid construction are the 
same as aforementioned, obtaining the recombinant plasmid 
CTNNB1‑K335I‑pIRES2‑EGFP. The PCR primers used are 
shown in Table IV.

Sequencing comparison between the KRAS G12V, 
TP53 R158L, CTNNB1 K335I mutant gene clone and their 
respective wild‑type gene of KRAS, TP53, CTNNB1, was 
analyzed through the tools of Sequence Alignment in the 
Vector builder analysis system (https://en.vectorbuilder.
com/tool/sequence‑alignment.html).

Transfection of tumor cells with recombinant plasmid. 
The extracted recombinant plasmids KRAS‑G12V‑​
pI R ES2‑EGF P,  T P53 ‑R158L ‑pI R ES2‑EGF P a nd 
CTNNB1‑K335I‑pIRES2‑EGFP (800 ug/ul) were transfected 
into HCT116 colon cancer cells (HLA‑A2+; 1x106 cells/well), 
NCI‑H292 lung cancer cells (HLA‑A2+; 1x106  cells/well) 

Table III. T2 cells loaded with WT or mutant peptides co‑cultured with peptide‑induced CTLs.

Group	 Peptide (WT) + CTL (WT) 	 Peptide (mutant) + CTL (mutant) 

KRAS 	 T2peptide KRAS WT + CTLKRAS WT	 T2peptide KRAS mutant + CTLKRAS mutant

TP53 	 T2peptide TP53 WT + CTLTP53 WT	 T2peptide TP53 mutant + CTLTP53 mutant

CTNNB1 	 T2peptide CTNNB1 WT + CTLCTNNB1 WT	 T2peptide CTNNB1 mutant + CTLCTNNB1 mutant

WT, wild‑type; CTL, cytotoxic T lymphocyte; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1.

Table II. Specific CTLs induced by WT and mutant peptides.

Group	 WT epitope peptide sequence to induce CTLs (name)	 Mutant epitope peptide sequence to induce CTLs (name)

KRAS	 YKLVVVGAG (CTLKRAS WT)	 YKLVVVGAV (CTLKRAS mutant)
TP53	 VRAMAIYKQ (CTLTP53 WT)	 VLAMAIYKQ (CTLTP53 mutant)
CTNNB1	 IMRTYTYEK (CTLCTNNB1 WT)	 IMRTYTYEI (CTLCTNNB1 mutant)

Underlined amino acid letter indicates the differences between the WT and mutant peptide. WT, wild‑type; CTLs, cytotoxic T lymphocytes; 
KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1.
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and HepG2 liver cancer cells (HLA‑A2+; 1x106 cells/well), 
respectively, using Lipofectamine® 3000 according to the 
manufacturer's protocol. The expression of green fluorescent 
protein (GFP) was observed using an inverted fluorescence 
microscope at 200x magnification (Olympus IX51; Olympus 
Corporation) 24 h following transfection (maximum excita‑
tion wavelength, 490 nm), and the transfection efficiency was 
detected using flow cytometry. The positive cells expressing 
GFP were collected using a flow cell sorter (MoFlo XDP; 
Beckman Coulter, Inc.).

Expression of mutated genes in tumor cells using RT‑qPCR. 
KRAS‑G12V‑pIRES2‑EGFP, TP53‑R158L‑pIRES2‑EGFP 
and CTNNB1‑K335I‑pIRES2‑EGFP recombinant plasmids 
were transfected into HCT116, NCI‑H292 and HepG2 
cells, respectively. RNA was extracted from wild‑type and 
mutant tumor cells expressing recombinant plasmids and 
reverse transcribed to cDNA, 24 h following transfection, 
as aforementioned. The expression of the mutant genes in 
transfected tumor cells was detected using RT‑qPCR and the 
SYBR Green qPCR mix (primers are shown in Table IV). 
The following thermocycling conditions (Roche Diagnostics) 
were used: Initial denaturation at 95˚C for 2 min, followed 
by 40 cycles of 95˚C for 15 sec, 55˚C for 30 sec and 72˚C 
for 15 sec. GAPDH was used as the internal control. The 
mRNA expression levels of each gene were calculated using 
the 2‑ΔΔCq method (12).

Cytotoxic effect of specific CTLs on tumor cells using 
the Cal‑AM release assay. The 3 groups of mutant and 
wild‑type tumor cells were collected into Eppendorf® tubes 

and incubated with 2 µg/ml Cal‑AM for 10 min at 37˚C in 
the dark. The target cells were seeded into a 96‑well plate at 
a density of 1x105 cells/ml (100 µl/well). The corresponding 
peptide‑induced CTLs were added for co‑culture for 24 h at 
37˚C (1x105 cells/ml; 100 µl/well). The remaining steps of 
the Cal‑AM release assay used was as aforementioned. The 
experimental groups are shown in Table V.

Cytotoxic effect of specific CTLs on tumor cells using the 
CFSE‑PI assay. The 3 groups of wild‑type and mutant tumor 
cells were respectively collected into Eppendorf® tubes, 
stained with CFSE fluorescent dye (final concentration, 
1 µmol/l), for 10 min at 37˚C in the dark and subsequently 
washed twice with PBS. The tumor cells of each group 
labelled with CFSE dye were added to a 24‑well plate at a 
density of 1x105 cells/ml in X‑VIVO medium. The mature 
specific T lymphocytes (1x105 cells/ml) were co‑cultured at 
37˚C and 5% CO2. The cells were collected and stained with PI 
dye (final concentration, 10 µg/ml, stained at 37˚C for 10 min), 
following 24 h of culture. The ratio of double‑positive cells 
was detected using flow cytometry. The experimental groups 
are shown in Table VI.

Statistical analysis. All data were expressed as the mean ± SD, 
which were repeated in triplicate. Comparisons among 
multiple groups were performed using two‑way ANOVA 
and the Bonferroni's method (the post hoc test) as indicated 
using the GraphPad Prism software v5.0 (GraphPad Software, 
Inc.). Student's unpaired t‑test was used to compare the means 
between two groups. P<0.05 was considered to indicate a 
statistically significant difference.

Table IV. Primers used in the present study.

Primer name	 Sequence, 5'→3'	 Product, bp

KRAS‑G12V‑F	 ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGTTGGCGTAGGCA	 46
KRAS‑G12V‑R 	 TTACATTATAATGCATTTTTTAATTTTCACACAGC	 35
TP53‑R158L‑F1	 ATGGAGGAGCCGCAGTCAGATCCTA	 25
TP53‑R158L‑R1	 TAGATGGCCATGGCGAGGACGC	 22
TP53‑R158L‑F2	 CGCGTCCTCGCCATGGCCATCT	 22
TP53‑R158L‑R2	 TCAGTCTGAGTCAGGCCCTTCTGT	 24
CTNNB1‑K335I‑F1	 ATGGCTACTCAAGCTGATTTGATGGAGTT	 29
CTNNB1‑K355I‑R1	 TGGTCCACAGTAGTATTTCGTAAGTATAGGTCCT	 34
CTNNB1‑K335I‑F2	 TATACTTACGAAATACTACTGTGGACCACAAGCAGAGT	 38
CTNNB1‑K355I‑R2	 TTACAGGTCAGTATCAAACCAGGCCAGCT	 29
KRAS‑qPCR‑F	 ACTTGTGGTAGTTGGAGCTGGTGGCGTAGG	 30
KRAS‑qPCR‑R	 GCACTGTACTCCTCTTGACCTGCTGTGTCG	 30
CTNNB1‑qPCR‑F	 GGCTTGGAATGAGACTGCTGAT	 22
CTNNB1‑qPCR‑R	 GCTGATTGCTGTCACCTGGAG	 21
TP53‑qPCR‑F	 CCGTCTGGGCTTCTTGCATT	 20
TP53‑qPCR‑R	 CGCCTCACAACCTCCGTCAT	 20
GAPDH‑F	 GGTGAAGGTCGGAGTCAACG	 20
GAPDH‑R	 CAAAGTTGTCATGGATGHACC	 20

F, forward; R, reverse; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; G, glycine; V, valine; R, arginine; 
L, leucine K, lysine; I, isoleucine.
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Results

Screening epitope peptides using TCGA database. The loci 
of single base substitutions in colon, lung and liver cancer 
were screened using TCGA database (Table VII). Based on 
SYFPEITHI and BIMAS prediction and evaluation system, 
three groups of epitope peptides containing wild‑type and 
mutant gene loci, with increased immune‑presentation 
capability, were selected and synthesized (9 aa, HLAA201). 
These included the epitope peptide, YKLVVVGAG, expressed 
by the KRAS wild‑type gene; YKLVVVGAV, expressed 
by the KRAS mutant gene; the VRAMAIYKQ wild‑type 
peptide, expressed by the TP53 gene; the VLAMAIYKQ 
mutant peptide, expressed by the TP53‑mutant gene; the 
IMRTYTYEK wild‑type peptide, expressed by the CTNNB1 
gene; and the IMRTYTYEI mutant peptide, expressed by the 
CTNNB1‑mutant gene (Table VIII).

Affinity of epitope peptides with HLA‑A2 molecule. As shown 
in Fig. 1, the HLA‑A2 concentration, as expressed by T2 cells 
treated with the KRAS mutant peptide (Fig. 1B), was increased 
by 5.6±4% compared with that in the cells with wild‑type 
peptide (Fig. 1A). The expression of HLA‑A2 was 9.6±3% 
higher in T2 cells with the TP53 mutant peptides (Fig. 1D) 
compared with that in the cells with the wild‑type peptides 
(Fig.  1C). The expression of HLA‑A2 was significantly 
increased by 30.4±2% in T2 cells loaded with CTNNB1 mutant 
peptides (Fig. 1F) compared with that with wild‑type peptides 
(Fig. 1E). Notably, the fluorescence index of the CTNNB1 
group increased the most (P<0.001; Fig. 2). The present results 
indicated that the mutant peptides promoted the higher expres‑
sion of the HLA‑A2 molecule in T2 cells, which formed a 
compound with high affinity and strong stability with MHC I 

molecules. The affinity observed in the TP53 mutant epitope 
peptides was weakest (fluorescence index <0.5), with the 
weakest occurring in the KRAS group (Fig. 2).

Flow cytometry for phenotypic detection of CTLs. CTLs were 
cultured for 21 days before being collected and the surface 
antigens were detected using flow cytometry. As shown in 
Fig. 3, the proportion of CD8+ T cells (CD3+ CD8+T) among 
the lymphocytes was 40.2% (Fig.  3A), whereas T helper 
cells (CD3+ CD4+T) accounted for 16.6% of lymphocytes 
(Fig. 3B), while 3.6% were comprised of regulatory T cells 
(CD4+CD25+T) (Fig. 3C).

Proliferation of specific CTLs. Following CFSE staining and 
flow detection of CTLs cultured in vitro for 14 days, the Modfit 
software was used to analyze the results and determine the 
proliferation index of T lymphocytes. Between the 16 and the 
19th day, the proliferation index of T cells increased gradually 
from 1.45 to 15.13, 18.55 and 18.86, respectively (Fig. 4). This 
indicated that T lymphocytes were in a state of proliferation 
and division. However, as the cells were in the third stage of 
differentiation (Fig. 4C and D for days 16‑19), induced by anti‑
genic peptides, the growth and proliferation rate of the cells 
tended to be flat (Fig. 4).

IFN‑γ secretion of specific T cells stimulated by epitope 
peptides in vitro. As shown in Fig. 5, the secretion of IFN‑γ 
from CTLs, induced by mutant peptides of the KRAS, TP53 
and CTNNB1 groups, was 160±10, 174±5 and 180±6 ng/ml, 
respectively. The IFN‑γ secretion of specific CTLs induced 
by mutant peptides in the three groups was higher compared 
with that in the CTLs induced by the wild‑type peptides, and 
the difference was determined statistically significant using 

Table V. Co‑culture of CTLs induced by WT and mutant tumor cells and peptides.

Group	 Cancer cells (type) + CTLWT	 Cancer cells (type) + CT mutant

KRAS	 HCT116 (WT) + CTLKRAS WT	 HCT116 (WT) + CTLKRAS mutant

	 HCT116 (mutant) + CTLKRAS WT	 HCT116 (mutant) + CTLKRAS mutant

TP53	 NCI‑H292 (WT) + CTLTP53 WT	 NCI‑H292 (WT) + CTLTP53 mutant

	 NCI‑H292 (mutant) + CTLTP53 WT	 NCI‑H292 (mutant) + CTLTP53 mutant

CTNNB1	 HepG2 (WT) + CTLCTNNB1 WT	 HepG2 (WT) + CTLCTNNB1 mutant

	 HepG2 (mutant) + CTLCTNNB1 WT	 HepG2 (mutant) + CTLCTNNB1 mutant

WT, wild‑type; CTL, cytotoxic T lymphocyte; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1.

Table VI. Co‑culture of WT and mutant tumor cells with peptide‑induced CTLs.

Group	 Peptide (WT) + CTL (WT)	 Peptide (mutant) + CTL (mutant)

KRAS	 HCT116 (WT) + CTLKRAS WT	 HCT116 (mutant) + CTLKRAS mutant

TP53	 NCI‑H292 (WT) + CTLTP53 WT	 NCI‑H292 (mutant) + CTLTP53 mutant

CTNNB1	 HepG2 (WT) + CTLCTNNB1 WT	 HepG2 (mutant) + CTLCTNNB1 mutant

WT, wild‑type; CTL, cytotoxic T lymphocyte; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1.
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the Bonferroni's test (the post hoc test following an ANOVA, 
P<0.05). Notably, the results indirectly indicated that the 
mutant antigenic peptides of the three groups improved the 
cellular immune function of specific CTLs, especially in 
the CTNNB1 group.

Preliminary detection of cytotoxic activity in specific CTLs 
against T2 cells with added peptide. As shown in Fig. 6A, 
the killing rates of CTLs induced by mutant peptides in the 
KRAS, TP53 and CTNNB1 groups were 35±3, 48±2 and 
50±2%, respectively. The target cell killing rate of mutant 
peptide‑specific CTLs in the CTNNB1 group was higher 
compared with that in the other two groups. However, compared 

with wild‑type peptides, the increased killing rate of CTLs 
induced by the mutant peptides in vitro was the highest in the 
TP53 group, and the difference was determined to be statisti‑
cally significant using Bonferroni's post hoc test following an 
ANOVA (P<0.01). It was initially determined that, compared 
with wild‑type peptides, the induction of specific CTLs by the 
three groups of mutant peptides improved their affinity for 
target cells.

The specificity of CTLs towards the mutant peptide‑treated 
T2 cells in each group was significantly decreased in the cells 
treated with anti‑HLA‑A2 antibody compared with that in the 
isotype control antibody (P<0.001; Fig. 6B).

Construction of recombinant eukaryotic expression plas‑
mids. Using the site‑directed mutagenesis PCR method, PCR 
products were determined to contain the KRAS G12V, TP53 
R158L and CTNNB1 K335I mutated genes using agarose gel 
electrophoresis, yielding sizes of 570, 1,182 and 2,443 bp, 
respectively. The electrophoresis bands were consistent with 
the expected sizes of the target fragments (Fig. 7H).

Following sequencing of the mutant genetically engineered 
bacteria (about 5 clones were used for the sequencing of the 
mutant genes), the recombinant plasmid of the site‑directed 
mutant KRAS G12V‑pIRES2‑EGFP was compared with that 
for the wild‑type in the HCT116 cell line (Fig. 7A). The 12th 
amino acid encoding the KRAS protein was changed from G 
to V by substituting the codon from GGT to GTT, while none 
of the other bases were mutated in the KRAS gene (Fig. 7B). 
The TP53 R158L (Fig.  7C  and  D) and CTNNB1 K335I 
(Fig. 7E and F) mutant gene clones were also successfully 
constructed in the pIRES2‑EGFP plasmid (Fig. 7G).

Transfection of tumor cells with recombinant plasmid 
and detection of transfer efficiency. HCT116 colorectal 
(HLA‑A2+), NCI‑H292 lung (HLA‑A2+) and HepG2 liver 
cancer cells (HLA‑A2+) were transfected with KRAS 
G12V‑EGFP‑pIRES2, TP53 R158L‑pIRES2‑EGFP and 
CTNNB1 K335I‑pIRES2‑EGFP recombinant plasmids, 
respectively. After 24 h, GFP expression was confirmed in 
all three cell lines using an inverted fluorescence microscope, 
24 h following transfection (Fig. 8).

Flow cytometry revealed that the transfer efficiency of the 
KRAS G12V‑pIRES2‑EGFP, TP53 R158L‑pIRES2‑EGFP 
and CTNNB1 K335I‑pIRES2‑EGFP recombinant plasmids 
was 51.6, 56.5 and 67.5%, respectively (Fig. 9). The positive 
cells expressing GFP were separated and collected using a 
flow cell sorter for follow‑up experiments.

Expression of mutant genes in tumor cells. Following 
t ransfection of the recombinant plasmids, KRAS 
G12V‑pIRES2‑EGFP, TP53 R158L‑pIRES2‑EGFP and 
CTNNB1 K335I‑pIRES2‑EGFP into HCT116, NCI‑H292 and 
HepG2 cells, respectively, RT‑qPCR results indicated that the 
mutant gene was overexpressed in the transfected tumor cells 
compared with that in the wild‑type cells (P<0.001; Fig. 10).

Cytotoxicity of peptide‑induced specific CTLs on wild‑type and 
mutant tumor cells. In the KRAS, TP53 and CTNNB1 groups, 
the killing rates of mutant peptide‑induced specific CTLs 
towards mutant tumor cells [cancer cells (mutant) + CTLs 

Table VII. Cancer gene mutation sites in The Cancer Genome 
Atlas database.

A, Mutations in liver cancer

		  Mutation frequency
Gene	 Mutant locus	 (the number of patient cases)

TP53	 R249S	 11/364
CTNNB1	 S45P	 11/364
CTNNB1	 D32G	 7/364
CTNNB1	 K335I	 6/364
CTNNB1	 S33C	 6/364

B, Mutation in lung cancer

Gene	 Mutant locus	 Mutation frequency

KRAS	 G12C	 62/1062
KRAS	 G12V	 39/1062
EGFR	 L858R	 23/1062
PIK3CA	 E545K	 21/1062
TP53	 R158L	 20/1062
KRAS	 G12D	 20/1062
PIK3CA	 E542K	 18/1062

C, Mutations in colon cancer

Gene	 Mutant locus	 Mutation frequency

KRAS	 G12D	 60/537
KRAS	 G12V	 50/537
BRAF	 V600E	 50/537
KRAS	 G13D	 41/537
TP53	 R175H	 39/537
PIK3CA	 E545K	 35/537

KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, 
catenin β1; PIK3CA, phosphatidylinositol‑4,5‑bisphosphate 3‑kinase 
catalytic subunit α; EGFR, epidermal growth factor receptor; BRAF, 
B‑Raf proto‑oncogene, serine/threonine kinase. R, arginine; S, serine; 
P,  proline; D, aspartic acid; G, glycine; K, lysine; I, isoleucine; 
C, cysteine; V, valine; L, leucine; E, glutamic acid; H, histidine.
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(mutant)] were 30±3, 32±4 and 42±3%, respectively (Fig. 11). 
The killing rates of CTLs induced by mutant peptides in 
the three groups on wild‑type and mutant tumor cells were 
similar. However, the cytotoxic specificity of wild‑type 
peptide‑induced CTLs to both wild‑type and mutant tumor 
cells was low. In addition, the killing rates of specific CTLs 
induced by mutant peptides in the KRAS, TP53 and CTNNB1 
groups were significantly higher compared with those induced 
by wild‑type peptides. The difference was statistically signifi‑
cant between the cancer cell (WT)+CTL (WT) and cancer cell 
(mutant)+CTL (mutant) groups (P<0.0001; Fig. 11). The target 
cell killing rate of CTLs induced by CTNNB1 mutant peptides 
was higher compared with that in the KRAS and TP53 groups, 
and the results were consistent with the cytotoxicity of CTLs 
against T2 cells treated with peptides (Fig. 6A). Furthermore, 
the specificity and cytotoxicity of CTLs induced by mutant 
peptides in the CTNNB1 group were enhanced, when 
compared with those induced by wild‑type peptides.

Figure 1. Mean fluorescence intensity of peptide‑treated T2 cells. T2 cells treated with (A) KRAS wild‑type peptide (41.7%), (B) KRAS mutant peptide (47.3%), 
(C) TP53 wild‑type peptide (44.4%), (D) TP53 mutant peptide (54.0%), (E) CTNNB1 wild peptide (46.0%) and (F) CTNNB1 mutant peptide (76.4%). KRAS, KRAS 
proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; FS, forward scatter; SS, side scatter; INT, intensity; LIN, linear; FITC, fluorescein isothiocyanate.

Figure 2. FI in peptide‑treated T2 cells. The FI in T2 cells treated with the KRAS 
mutant peptide increased by 5.6±4% compared with that in cells treated with the 
wild‑type peptide. The FI in T2 cells loaded with TP53 mutant peptides was 
9.6±3% higher compared with that in cells treated with the wild‑type peptides. 
The FI in T2 cells treated with CTNNB1 mutant peptides was significantly 
increased by 30.4±2% compared with that in cells loaded with the wild‑type 
peptides. *P<0.05; **P<0.01; ***P<0.001. FI, fluorescence index; KRAS, KRAS 
proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; G, glycine; 
V, valine; R, arginine; L, leucine K, lysine; I, isoleucine.

Table VIII. Wild‑type and mutant epitope peptides.

	 Mutant locus	 Wild‑type epitope peptide
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Type of cancer	 Gene	 Mutant epitope peptide	 Sequence	 Score	 Sequence	 Score

Colon	 KRAS	 G12V	 YKLVVVGAG	 9	 YKLVVVGAV	 19
Lung	 TP53	 R158L	 VRAMAIYKQ	 10	 VLAMAIYKQ	 20
Liver	 CTNNB1	 K335I	 IMRTYTYEK	 16	 IMRTYTYEI	 24

Underlined amino acid letter indicates the differences between the WT and mutant peptide. KRAS, KRAS proto‑oncogene; TP53, tumor 
protein 53; CTNNB1, catenin β1; R, arginine; V, valine; G, glycine; K, lysine; I, isoleucine.
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Detection of cytotoxicity of specific CTLs on tumor cells using 
CFSE‑PI staining. The double‑positive rate (CFSE+PI+, the first 
quadrant) of mutant peptide‑induced CTLs in the three groups 
(Fig. 12) was significantly higher compared with that in the 
wild‑type peptide group, and this difference was statistically 
significant according to the Bonferroni post hoc test following 
an ANOVA. (P<0.0001; Fig. 13).

When compared with the wild‑type peptide‑induced 
specific CTLs, the killing rate of mutant peptide‑induced 

target cells in the KRAS group increased by 5.5±3.0% 
(Fig. 12A and B), whereas in the TP53 group it increased by 
17.2±4.0% (Fig. 12C and D) and in the CTNNB1 group by 
44.4±2.5% (Fig. 12E and F). The killing rates of target cells 
induced by mutant peptides in the CTNNB1 group were the 
highest, followed by those in the TP53 and KRAS groups 
(Figs. 12 and 13). The results were consistent with those of 
Cal‑AM detection (Fig. 11), indicating that the CTLs induced 
by mutant peptides of the CTNNB1 group had a stronger 

Figure 4. Modfit analysis of cell proliferation and division. Cell proliferation and division on (A) the 1st, (B) the 2nd, (C) the 3rd and (D) the 4th day following 
carboxyfluorescein succinimidyl ester staining. Blue, the parental cell; orange, generation 2; green, generation 3; pink, generation 4; light blue, generation 5; 
yellow, generation 6; red, generation 7; purple, generation 8; and laurel‑green, generation 9. FITC, fluorescein isothiocyanate.

Figure 3. Detection of phenotypic CTLs (T‑cell subsets) using flow cytometry. Detection of (A) cytotoxic T cells (CD3+CD8+) (B) T helper cells (CD3+CD4+) 
and (C) regulatory T cells (CD4+CD25+). FITC, fluorescein isothiocyanate; PE, phycoerythrin; Cy7, Cyanate 7.
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cytotoxic effect on tumor cells compared with those induced 
by mutant peptides of the TP53 and KRAS groups.

Discussion

Tumorigenesis has been associated with gene mutations, 
such as gene fusion, point and deletion mutations (9). When 
genes encoding the normal proteins are mutated, it may lead 
to abnormal functions within the cell, such as exponential 
growth, proliferation and metastasis, as well as evading the 
immune system (10). TAAs are primarily derived from auto‑
antigens, which are highly expressed by tumor cells, however 
these are expressed in low amounts in healthy somatic 
cells (13). Therefore, it is difficult to activate the low affinity, 
naive T cells involved in immune tolerance. During T‑cell 
development in thymus and positive and negative selection, 
progenitor T cells will eliminate immature T cells with high 
affinity to autoantigens, and the remaining cells will become 
naive T cells with a low affinity to autoantigens to develop and 
mature (14). Therefore, it is difficult to activate naive T cells 
with low affinity involved in immune tolerance, and immu‑
notherapy targeting TAAs cannot achieve the ideal curative 
effect, such as tumor regression. However, new tumor anti‑
gens, also known as neoantigens or TSAs, are epitope‑specific 
antigens produced on the cell surface due to mutations within 
cancer cells (15). These antigenic peptides are tumor‑specific 
and can therefore be recognized by T lymphocytes, directly 
inducing an immune response (15). Furthermore, TSAs are 
only expressed on the tumor cells and not on healthy cells. 
The binding affinity of the T‑cell receptor (TCR) to T cells 
is much higher compared with that of TAA  (16). T  cell 
activation and cytotoxicity have been associated with the 
affinity of TCR‑MHC antigenic peptide complexes, therefore 
TSAs have the potential to be effective targets for tumor 
immunotherapy (17).

During the cellular immune response, mutant peptides 
of tumor cells can be presented on the surface of cells by 
MHC I molecules, which are then recognized by the TCR 
of T cells (18). However, the majority of tumor cells evade 
recognition by the immune system, as they can downregulate 
or delete the expression of MHC I molecules (18). Therefore, 

at present, polypeptide synthesis has been used to produce 
mutated peptides of tumor cells in vitro, which are then intro‑
duced into the human body through individualized vaccines 
or ACT to stimulate the proliferation of specific T cells that 
recognize these neoantigens in vivo, thus specifically killing 
tumor cells (19).

TCGA database contains gene expression profiling, somatic 
mutations, copy number variation and DNA methylation data 
which has been produced by sequencing tumors and para‑
cancerous tissues for >30 types of cancer (20). In the present 
study, point mutation gene loci of high‑frequency mutations 
of colorectal, lung and liver cancer were identified from 
TCGA. A total of 3 short epitope peptides with high affinity to 
HLA‑A201 molecules were screened using a peptide predic‑
tion algorithm and directed at these new tumor antigens. The 
tumor antigens of cancer cells were recognized by the immune 
system through the epitope peptides. The activation effect of 
the epitope peptide on T cells was analyzed using immunoge‑
nicity tests of specific CTLs in vitro, to identify the epitope 
peptides which could activate specific T cells to recognize 
tumor antigens, which may be used in future immunotherapy 
studies (21).

In the present study, KRAS G12V, TP53 R158L and 
CTNNB1 K335I gene point mutation loci were identified in 
colorectal, lung and liver cancer to design antigenic peptides, 
which were used to induce CTL proliferation. CD8+ T cells 
accounted for about 40% of all lymphocytes after 21 days. 
From the immunogenicity experiments of antigen epitope 
peptides containing point mutations, it was demonstrated 
that specific T cells induced by mutant antigen peptides 
in the CTNNB1 group had the strongest cytotoxic affinity 
towards mutant HepG2 liver cancer cells. The cytotoxic 
effects of the TP53 mutant antigen peptide‑induced CTLs 
were weaker compared with those in the CTNNB1 group, 
and with the TP53 wild‑type antigen peptide; however, the 
immunogenicity was markedly increased, and TP53 mutant 
peptideinduced specific T cells, which could target the tumor 
cells with this point mutation more effectively. The immuno‑
genicity of the mutant antigenic peptide in the KRAS group 
was lower compared with that in the TP53 and CTNNB1 
groups; however, the cytotoxiceffect of specific CTLs on 
HCT116 colorectal cancer cells was slightly improved. 
The present results suggest that point mutations in the anti‑
genic peptides targeting tumor neoantigens may improve 
the stability of binding to the MHC molecules, enhancing 
immunogenicity and activating CD8+ T cells effectively. The 
cytotoxiceffect of CTLs induced by mutant peptides in the 
three groups was similar in both wild‑type and mutant tumor 
cells, which may be associated with the cross‑recognition 
effect of T cells. As there was only one amino acid differ‑
ence between the mutant and wild‑type peptides, there 
were two types of antigenic peptide‑MHC complexes that 
were recognized by specific, effective CD8+ T cells  (22). 
The present results indicate that specific CTLs, induced by 
mutant peptides, can kill both mutant and wild‑type tumor 
cells. When the anti‑HLA‑A2 antibody was added, the 
cytotoxic effect of specific CTLs in the three groups was 
significantly reduced, indicating that the cytotoxic effect was 
performed in an HLA‑A2‑dependent manner. In summary, 
all three groups of the epitope peptides with higher affinity 

Figure 5. IFN‑γ secretion of specific T cells stimulated by epitope peptides. IFN‑γ 
secretion of CTLs induced by mutant peptides in the KRAS, TP53 and CTNNB1 
groups, was 160±10, 174±5 and 180±6 ng/ml, respectively. Experiments were 
repeated three times. Date are presented as the mean ± SD. *P<0.05; ***P<0.001. 
IFN, interferon; CTL, cytotoxic T lymphocyte; KRAS, KRAS proto‑oncogene; 
TP53, tumor protein 53; CTNNB1, catenin β1; WT, wild‑type; G, glycine; V, 
valine; R, arginine; L, leucine K, lysine; I, isoleucine.
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to MHC molecules may induce specific CTLs against the 
point mutant antigens and enhance the immune response. 
Among these peptides, the point mutant antigenic peptide in 
the CTNNB1 group demonstrated a potent ability to induce 
T‑cell proliferation, activation, specific recognition and apop‑
tosis of tumor cells, which may explain why the affinity of 
mutant peptides for MHC molecules in the CTNNB1 group 

was higher compared with that in the other two groups. In 
addition, the TCR gene family should be further analyzed in 
future studies. Currently, an ideal and effective TCR mole‑
cule is a key focus of research into TCR‑T immunotherapy. 
Therefore, the present study provides preliminary screening 
data of effective TCR molecules, which may be beneficial to 
develop TCR‑T immunotherapy in the future.

Figure 7. Construction of recombinant eukaryotic expression plasmids. (A) Sequencing chromatogram and (B) sequencing comparison between the 
KRAS G12V mutant gene clone and KRAS wild‑type gene. The red circle indicates that the KRAS G12V mutant gene codon changed from GGT to GTT. 
(C) Sequencing chromatogram and (D) Sequencing comparison between the TP53 R158L mutant gene clone and TP53 wild‑type gene. The red circle indicates 
that the TP53 R158L mutant gene coden changed from CGC to CTC. (E) Sequencing chromatogram and (F) sequencing comparison between the CTNNB1 
K335I mutant gene clone and CTNNB1 wild‑type gene. The red circle indicates that the CTNNB1 K335I mutant gene codon changed from AAA to ATA. 
(G) The pIRES2‑EGFP plasmid map. (H) Agarose gel electrophoresis of the point mutations in the 3 genes (Red circle indicated the mutant base in mutant 
gene clone). KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; GFP, green fluorescent protein.

Figure 6. Cytotoxicity of specific CTLs simulated by antigenic peptides. (A) Cytotoxicity of specific CTLs to T2 cells treated with peptides detected using the 
calcein‑acetoxymethyl release assay. The killing rates of CTLs induced by mutated peptides in the KRAS, TP53 and CTNNB1 groups were 35±3, 48±2 and 
50±2%, respectively. The amplified cytotoxic function of CTLs induced by mutant peptides in vitro was the largest in the TP53 group. (B) HLA‑A2 antibody 
blocking assay. The difference between mutant peptide‑loaded T2 cells treated with isotype control antibody and anti‑HLA‑A2 antibody in each group was 
statistically significant. Experiments were repeated three times. Date are presented as the mean ± SD. *P<0.05; **P<0.01; ***P<0.001. CTL, cytotoxic T lympho‑
cyte; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; WT, wild‑type; HLA, human leukocyte antigen; G, glycine; V, valine; 
R, arginine; L, leucine K, lysine; I, isoleucine.
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Among solid tumors, melanoma has the highest frequency 
of point mutations (such as BRAF V600E), followed by lung 
(KRAS G12C), colorectal (KRAS G12D), gastric (BRAF 

V600E) and liver cancer (TP53 R249S)  (18). However, 
there are relatively few mutations in blood tumors, such 
as acute lymphocytic leukaemia and acute myelogenous 
leukaemia (23). Chimeric antigen receptor T‑cell (CAR‑T) 
therapy has been effective in the treatment of some blood 
tumors (such as acute lymphoblastic leukemia), but remains 
poorly effective in solid tumors (such as liver cancer) (24). 

Figure 9. Transfer efficiency detected using flow cytometry. Transfer efficiency (%) in (A) HCT116 cells. Flow cytometry showed that the transfer efficiency 
(%) of the KRAS G12V‑pIRES2‑EGFP recombinant plasmid was 51.6%. (B) NCI‑H292 cells. The transfer efficiency (%) of TP53 R158L‑pIRES2‑EGFP 
recombinant plasmid was 56.5% using flow detection. (C) HepG2 cells. The transfer efficiency (%) of CTNNB1 K335I‑pIRES2‑EGFP recombinant plasmid 
was 67.5% using flow detection. FITC, fluorescein isothiocyanate.

Figure 8. Inverted fluorescence microscope images of plasmid transfected tumor cells. (A) KRAS G12V‑pIRES2‑EGFP plasmid transfected into HCT116 
cells. (B) TP53 R158L‑pIRES2‑EGFP plasmid transfected into NCI‑H292 cells. (C) CTNNB1 K335I‑pIRES2‑EGFP plasmid transfected into HepG2 cells. 
Magnification, x200.

Figure 11. Cytotoxicity of specific CTLs on wild‑type and mutant tumor cells. 
The killing rates of mutant peptide‑induced specific CTLs to mutant tumor 
cells were 30±3, 32±4 and 42±3% in the KRAS, TP53 and CTNNB1 groups, 
respectively. The killing rates of specific CTLs induced by mutant peptides 
in the KRAS, TP53, and CTNNB1 groups were higher compared with those 
induced by WT peptides. ***P<0.0001. KRAS, KRAS proto‑oncogene; TP53, 
tumor protein 53; CTNNB1, catenin β1; CTL, cytotoxic T lymphocyte; WT, 
wild‑type; G, glycine; V, valine; R, arginine; L, leucine K, lysine; I, isoleucine.

Figure 10. Expression levels of mutant genes in tumor cells detected 
using RT‑qPCR. Expression levels of mutant genes in the CTNNB1, TP53 
and KRAS groups. The results of the RT‑qPCR indicated that following 
transfection of KRAS G12V‑pIRES2‑EGFP, TP53 R158L‑pIRES2‑EGFP 
and CTNNB1 K335I‑pIRES2‑EGFP recombinant plasmids into HCT116, 
NCI‑H292 and HepG2 tumor cells, respectively. The KRAS, TP53, CTNNB1 
mutant gene was overexpressed in the transfected tumor cells compared with 
that in the wild‑type cells. ***P<0.001. RT‑qPCR, reverse transcription‑quan‑
titative PCR; KRAS, KRAS proto‑oncogene; TP53, tumor protein 53; 
CTNNB1, catenin β1.
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CAR‑T therapy recognizes membrane surface antigens (such 
as CD19 and B‑cell maturation antigen); however, as solid 
tumors lack cell‑surface specific targets, TCR T‑cell (TCR‑T) 
therapy may be more effective compared with CAR‑T in the 
treatment of solid tumors, since it recognizes TSAs that 
are produced due to genetic mutations in cancer cells (24). 
Therefore, TSAs have become the key targets for screening 
TCR molecules in TCR‑T immunotherapy. At present, the 
key to TCR‑T immunotherapy is to identify an ideal TCR 
molecule  (24). Therefore, the present study synthesized 
epitope peptides based on tumor neoantigens and identified 
specific T‑cell clones with significant cytotoxic effects, which 
is conducive to screening effective TCR molecules.

Recent preclinical studies have demonstrated that indi‑
vidualized cancer vaccines based on new antigens have been 
used effectively in melanoma and glioblastoma. Ott et al (25) 
revealed that tumor regression without recurrence was observed 
in patients with melanoma injected with a long peptide (15 aa) 
vaccine targeting individualized new antigens. Keskin et al (26) 
observed that patients with glioblastoma inoculated with 
multi‑epitope new antigen vaccines exhibited an increase in the 
number of new antigen‑specific CD4 and CD8 tumor infiltrating 
lymphocytes (TILs). With regards to ACT and based on new 
antigens, the study by Cafri et al (27) used TILs to identify 
KRAS G12D mutants to treat patients with colorectal and breast 
cancer. The results revealed that patients with colorectal cancer 

Figure 12. Killing percentages of specific CTLs to wild‑type and mutant tumor cells. (A) Wild‑type HCT116 cells + KRAS wild‑type peptide‑induced 
CTLs. The double‑positive percentage (CFSE+PI+) was 9.2%. (B) Mutant HCT116 cells + KRAS mutant peptide‑induced CTLs. The double‑positive 
percentage (CFSE+PI+) was 14.7%. (C) Wild‑type NCI‑H292 cells + TP53 wild‑type peptide‑induced CTLs. The double‑positive percentage (CFSE+PI+) was 
7.1%. (D) Mutant NCI‑H292 cells + TP53 mutant peptide‑induced CTLs. The double‑positive percentage (CFSE+PI+) was 24.3%. (E) Wild‑type HepG2 
cells + CTNNB1 wild‑type peptide‑induced CTLs. The double‑positive percentage (CFSE+PI+) was 2.5%. (F) Mutant HepG2 cells + CTLs induced by 
CTNNB1 mutant peptide. The double‑positive percentage (CFSE+PI+) was 46.9%. CFSE, carboxyfluorescein succinimidyl ester; PI, propidium iodide; KRAS, 
KRAS proto‑oncogene; TP53, tumor protein 53; CTNNB1, catenin β1; CTL, cytotoxic T lymphocyte.
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treated high activity CD8+ TILs, could identify KRAS G12D, 
and a complete regression of the tumor was observed. Therefore, 
tumor neoantigen‑specific T cells serve an important role in 
tumor immunotherapy (28). Previous studies also suggest that 
transfecting the TCR gene, which recognizes tumor neoantigens, 
into naive CD8+ T cells may provide tumor neoantigen‑specific 
TILs therapy and TCR‑T immunotherapy for patients which have 
the same antigen (29,30). At present, vaccines and ACT based 
on neoantigens have achieved some success (31), while immune 
checkpoint inhibitors and combination therapies towards solid 
tumors remain in the development stage (32,33).

With the development of next‑generation sequencing 
technology and peptide prediction algorithms (34), it is now 
possible to sequence individual tumor tissues and identify 
non‑synonymous mutations which occur in tumor cells but not 
in healthy somatic cells (35,36). To improve the accuracy of 
T‑cell immunotherapy for cancer treatment, and to fully achieve 
the benefits of individual tumor immunotherapy, it is necessary 
to design antigen epitope peptides with high affinity for MHC 
molecules and high specificity to tumor neoantigens (37).

In conclusion, the point mutations in tumor neoantigens 
identified in the three groups may improve the cytotoxicity of 
specific T cells. The present study revealed that the mutant 
peptides in the CTNNB1 group were effective at activating the 
cellular immune response. Therefore, immunotherapies using 
this tumor neoantigen epitope peptide should be investigated 
in the future, to improve the accuracy of T‑cell immuno‑
therapy in cancer treatment and to fully achieve personalized 
immunotherapy and precision medical treatment.
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