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ABSTRACT
Background  Previous studies confirmed that most 
neoantigens predicted by algorithms do not work in 
clinical practice, and experimental validations remain 
indispensable for confirming immunogenic neoantigens. 
In this study, we identified the potential neoantigens with 
tetramer staining, and established the Co-HA system, 
a single-plasmid system coexpressing patient human 
leukocyte antigen (HLA) and antigen, to detect the 
immunogenicity of neoantigens and verify new dominant 
hepatocellular carcinoma (HCC) neoantigens.
Methods  First, we enrolled 14 patients with HCC for 
next-generation sequencing for variation calling and 
predicting potential neoantigens. Then, the Co-HA system 
was established. To test the feasibility of the system, we 
constructed target cells coexpressing HLA-A*11:01 and 
the reported KRAS G12D neoantigen as well as specific 
T-cell receptor (TCR)-T cells. The specific cytotoxicity 
generated by this neoantigen was shown using the 
Co-HA system. Moreover, potential HCC-dominant 
neoantigens were screened out by tetramer staining and 
validated by the Co-HA system using methods including 
flow cytometry, enzyme-linked immunospot assay and 
ELISA. Finally, antitumor test in mouse mode and TCR 
sequencing were performed to further evaluate the 
dominant neoantigen.
Results  First, 2875 somatic mutations in 14 patients with 
HCC were identified. The main base substitutions were 
C>T/G>A transitions, and the main mutational signatures 
were 4, 1 and 16. The high-frequency mutated genes 
included HMCN1, TTN and TP53. Then, 541 potential 
neoantigens were predicted. Importantly, 19 of the 23 
potential neoantigens in tumor tissues also existed 
in portal vein tumor thrombi. Moreover, 37 predicted 
neoantigens restricted by HLA-A*11:01, HLA-A*24:02 
or HLA-A*02:01 were performed by tetramer staining 
to screen out potential HCC-dominant neoantigens. 
HLA-A*24:02-restricted epitope 5'-FYAFSCYYDL-3' and 
HLA-A*02:01-restricted epitope 5'-WVWCMSPTI-3' 
demonstrated strong immunogenicity in HCC, as verified 
by the Co-HA system. Finally, the antitumor efficacy of 
5'-FYAFSCYYDL-3'-specific T cells was verified in the B-
NDG-B2mtm1Fcrntm1(mB2m) mouse and their specific TCRs 
were successfully identified.

Conclusion  We found the dominant neoantigens with 
high immunogenicity in HCC, which were verified with the 
Co-HA system.

INTRODUCTION
Liver cancer is the sixth most common malig-
nancy and has the third highest mortality 
worldwide.1 Hepatocellular carcinoma (HCC) 
is the most common type of liver cancer 
and accounts for ~90% of cases.2 Surgery 
has long been the main curative therapy for 
HCC; however, recurrence remains a major 
obstacle, with recurrence rates as high as 
~70% at 5 years.2 In recent years, patients 
with HCC have exhibited improved clinical 
responses to immunotherapy.3 In particular, 
peptide vaccines or adoptive cell therapies 
targeting tumor-associated antigens (TAAs), 
such as alpha-fetoprotein4 and glypican-3,5 
have shown appropriate antitumor activity 
in HCC. Meanwhile, due to their limited 
specificity, such treatments may result in side 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Though clinical trials testing neoantigen immuno-
therapy have yielded encouraging results in patients, 
it is hard to know which neoantigens are dominant 
in determining the responsiveness to hepatocellular 
carcinoma (HCC) immunotherapy treatment.

WHAT THIS STUDY ADDS
	⇒ In this study, we constructed the Co-HA system, a 
single-plasmid system coexpressing patient human 
leukocyte antigen and antigen, to verify HCC neoan-
tigens with substantial immunogenicity.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The Co-HA system is a convenient molecular tool for 
verifying T-cell epitopes, and it could provide effi-
cient immunotherapeutic targets for HCC.
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effects in the non-cancerous portion of the liver. There-
fore, new therapeutic strategies are needed to overcome 
these obstacles.

Compared with TAAs, tumor neoantigens,6 7 new 
peptides generated by somatic mutations from tumor 
tissues but not normal tissues, have better tumor speci-
ficity and stronger immunogenicity. Hence, tumors with 
foreign neoantigens can be well recognized and attacked 
by the immune system. In addition, clinical trials testing 
neoantigen immunotherapy have yielded encouraging 
results in patients with melanoma8 or lung cancer9 
worldwide.

The tumor mutation burden (TMB) of HCC ranks 12th 
among 30 different types of tumors, and the median TMB 
is ~2.0 mutations/megabase,10 suggesting that there are 
neoantigens in HCC. Li et al found that a higher somatic 
mutation load and somatic mutation-derived neoantigen 
load in HCC are associated with a better clinical outcome.11 
Yang et al found that patients with HCC with TP53 neoan-
tigens have longer survival times and a stronger immune 
response than others.12 According to ​ClinicalTrials.​gov 
(https://clinicaltrials.gov/ct2/home), several clinical 
trials testing HCC neoantigen vaccines have been ongoing 
since 2017. It has been reported that patients with HCC 
with neoantigen-induced T-cell responses have better 
clinical benefits than those without responsive neoanti-
gens.13 14 Despite a good curative improvement in HCC 
treatment, research progress regarding HCC neoantigen 
vaccines has been significantly slower than that in mela-
noma and lung cancer vaccines. Ultimately, more work is 
needed to screen and verify HCC neoantigens efficiently.

Currently, prediction with computer algorithms is 
the main strategy for clinical neoantigen screening and 
is used to assess the affinity between neoantigens and 
human leukocyte antigens (HLAs).15 However, previous 
studies have confirmed that most neoantigens predicted 
by algorithms did not work in clinical practice.13 14 16 In a 
recent report, although researchers chose 6~20 person-
alized predicted neoantigen peptides with a mutated 
peptide affinity (MutAff) ≤500 nM for each patient with 
HCC, half of the patients did not achieve any immune 
response from neoantigen treatment, and their prognosis 
was poor.13 Ineffective neoantigen vaccinations are costly 
and squander the limited survival time of these patients 
with advanced HCC. Another clinical trial that used 
neoantigen-based dendritic cell vaccination and adop-
tive T-cell transfer immunotherapy demonstrated similar 
negative results.14 To overcome these issues, experimental 
validations in vitro are needed to identify the true neoan-
tigens among the predicted options.

At present, three methods can be used to validate 
HCC neoantigens7: (1) Liquid chromatography–mass 
spectrometry (LC/MS); (2) tetramer staining; and (3) 
cytotoxicity testing. LC/MS can detect true neoantigens 
presented by specific HLAs. However, only 5 true neoanti-
gens were detected among 5498 predicted neoantigens in 
HCC due to the inferior sensitivity of LC/MS.17 Tetramer 
staining can detect the frequency of the predicted 

neoantigen-specific T cells in patient tumors or periph-
eral blood.17 18 Cytotoxicity testing can indicate cytotoxic 
T lymphocyte (CTL)-mediated killing of target cells. T2 
cells, as classical target cells, have been extensively applied 
to detect the immunogenicity of HLA-A*02-restricted 
peptides. However, HLAs are highly heterogeneous, and 
T2 cells cannot validate diverse HLA-restricted peptides.19

Considering the drawbacks of these methods, a more 
feasible approach must be established. Therefore, we 
innovatively established the Co-HA system, a single-
plasmid system coexpressing patient HLA and antigen, 
to verify new dominant HCC neoantigens. This approach 
could provide efficient immunotherapeutic targets for 
HCC and is a convenient molecular tool for verifying 
T-cell epitopes.

MATERIALS AND METHODS
Patients and samples
We enrolled 14 patients with HCC who underwent 
curative resection (from January 2018 to August 2020), 
including 6 patients from the Peking University People’s 
Hospital and 8 patients from the Affiliated Hospital of 
Guilin Medical University. All cases were confirmed by 
pathology reports. This study involves animal subjects and 
was approved by the Research Ethics Committee of the 
Peking University People’s Hospital (ID: 2019PHE018). 
COS-7 cells and HEK293T cells were purchased from 
American Type Culture Collection. Huh-7 cells were 
purchased from Cell Resource Center, Institute of Basic 
Medical Sciences, Chinese Academy of Medical Sciences.

Construction of the KRAS G12D TCR-T cells
The starting vector was lenti-BSD-T2A-EGFP. The vector 
map is shown in online supplemental figure 1A (supple-
mental plasmid sequence NO. 1). The gene segment 
of EGFP in the vector was released from the vector by 
cleavage with restriction enzymes BfuAI and EcoRI, and 
the vector without EGFP was recovered from the gel. 
Meanwhile, we synthesized the gene segment of the KRAS 
G12D TCR, including TK412 Vβ, Cys mTRBC1, P2A, 
TK412 Vα and LVL_Cys mTRAC, as described by Wang 
et al.20 Gibson Assembly was then performed to assemble 
the T-cell receptor (TCR) gene segment into the viral 
vector without EGFP to construct the TCR plasmid lenti-
BSD-T2A-TK412 (online supplemental figure 1A, online 
supplemental plasmid sequence NO. 2). The 3589 bp 
gene segment excised from the TCR plasmid by restric-
tion enzymes NotI and BamHI was successfully verified 
(online supplemental figure 1B). The TCR-T lentivirus 
was produced according our lentiviral production and 
infection methods.21 Peripheral blood mononuclear cells 
(PBMCs) from healthy donors were infected with lenti-
virus. After 14 days of cultivation, TCR-T cells recognizing 
the KRAS G12D neoantigen were acquired. DNA was 
extracted from the TCR-T cells. Sanger sequencing was 
used to determine the key sequence of the TCR (online 
supplemental figure 1C).

https://clinicaltrials.gov/ct2/home
https://www.sciencedirect.com/science/article/pii/B9780128008713000067
https://www.sciencedirect.com/science/article/pii/B9780128008713000067
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
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Establishment of the Co-HA system
The Co-HA system is a single-plasmid system with coex-
pressed HLA and antigen (online supplemental figure 
2). Here, we chose KRAS G12D neoantigen 5'-VVGAD-
GVGK-3', a reported dominant neoantigen, as a positive 
control to show its establishment.

Construction of the HLA vectors: The KRAS G12D 
neoantigen is an HLA-A*11:01-restricted neoantigen.20 
The HLA-A*11:01 vector was constructed with the lenti-
PURO-T2A-EGFP vector (online supplemental figure 3A, 
online supplemental plasmid sequence NO. 3). The steps 
of constructing the HLA-A*11:01 vector were described 
as follows. (1) To prevent disturbing subsequent restric-
tion enzyme digestion, the recognition site of restriction 
enzyme BsmBI on the lenti-PURO-T2A-EGFP vector was 
synonymously mutated. (2) We synthesized the gene 
segment including HLA-A*11:01, E2A, Tag-A*11:01, P2A 
and EGFP. The sequence of HLA-A*11:01 was acquired 
from the IPD-IMGT/HLA database (https://www.ebi.ac.​
uk/ipd/imgt/hla/), and the recognition site of restric-
tion enzyme BsmBI in HLA-A*11:01 was synonymously 
mutated. (3) The gene segment of EGFP was excised by 
restriction enzymes BamHI and EcoRI, and the main 
part of the vector was recovered from the gel. Then, the 
synthesized gene segment was assembled into the main 
part of the vector by Gibson Assembly, and the HLA-
A*11:01 vector was constructed and named lenti-PURO-
T2A-(HLA-A*11:01)-E2A-(Tag-A*11:01)-P2A-EGFP 
(online supplemental figure 3A, online supplemental 
plasmid sequence NO. 4). (4) The 2611 bp gene segment 
excised from the HLA-A*11:01 vector was successfully 
verified (online supplemental figure 3B). (5) The lenti-
virus of the HLA-A*11:01 vector was produced. Then, 
COS-7 cells were infected with the lentivirus and cultured 
with 4 µg/mL puromycin for 1 week to establish stable cell 
lines. DNA was extracted from the COS-7 cells. The key 
sequence of the HLA-A*11:01 vector was analyzed with 
Sanger sequencing (online supplemental figure 3C). In 
addition, the expression of HLA-A*11:01 was detected 
by flow cytometry (FCM) (online supplemental figure 
3D). We designed the recognition sites of the restriction 
enzymes BamHI and AfeI in the HLA-A*11:01 vector 
to replace the gene segment of the HLA with its tag to 
construct various HLA vectors. Thirty-nine HLA vectors 
(online supplemental table 1), including HLA-A*24:02 
and HLA-A*02:01 (online supplemental figure 3D), were 
constructed for future use.

Construction of the target cells (online supplemental 
figure 4A): We first synthesized the gene segments of 
the KRAS G12D neoantigen (online supplemental table 
2 SEQ ID NO. 1) and its paired wild type (WT) antigen 
(online supplemental table 2 SEQ ID NO. 2). Then, we 
excised the gene segment of EGFP by restriction enzyme 
BsmBI and recovered the HLA-A*11:01 vector without 
EGFP from the gel (online supplemental figure 4B). 
Gibson Assembly was performed to assemble the gene 
segments of the KRAS G12D neoantigen and its paired 
WT antigen into the HLA-A*11:01 vector without EGFP. 

The target plasmids lenti-(HLA-A*11:01)-KRAS-M and 
lenti-(HLA-A*11:01)-KRAS-W were constructed (online 
supplemental figure 4A, online supplemental plasmid 
sequence NO. 5–6). The 3290 bp gene segment excised 
from the target plasmids was successfully verified (online 
supplemental figure 4C). Subsequently, we established 
stable cell lines by COS-7 cells. DNA was extracted from 
the target cells. Sanger sequencing was further performed 
to analyze the key sequences (online supplemental figure 
4D).

Other detailed methods, such as next-generation 
sequencing, variation calling, neoantigen prediction, and 
tetramer staining, were described in the online supple-
mental materials and methods.

RESULTS
Characteristics of patients and samples
We obtained 45 samples from 14 patients with HCC, 
including tumor tissues, non-tumor liver tissues, portal 
vein tumor thrombi (PVTTs) and PBMCs (figure  1A). 
The basic clinicopathological characteristics of the 14 
patients were listed in figure  1B. There was an obvious 
sex bias; 93% (13/14) of the patients were men, and 7% 
(1/14) were women. Most of the patients were older than 
55 years (10/14) and had hepatitis B virus (HBV) infec-
tion (8/14). Fourteen per cent (2/14) of patients had 
PVTTs.

The mutation spectrum of HCC tumor tissues
First, whole-exome sequencing (WES) was performed on 
the 45 samples from 14 patients with HCC (figure 1A). 
One hundred per cent of the clean reads were success-
fully mapped to the reference genome (UCSChg19 
release). Target regions of samples were covered with an 
average of 95.58% (ranging from 92.20% to 97.26%). 
Then, we used the Genome Analysis Toolkit Mutect222 
to identify mutations, and the mutations with TLOD ≥10 
were retained. TLOD means that tumor does not meet 
likelihood threshold. Furthermore, we used Variant 
Effect Predictor23 to predict mutation classifications and 
screened out nine mutation classifications as the set of 
somatic mutations, including Missense Mutation, In 
Frame Ins, In Frame Del, Non-sense Mutation, Non-stop 
Mutation, Splice Site, Frame Shift Del, Frame Shift Ins 
and Splice Region, totaling 2875 mutations.

We analyzed base substitution mutations and found 
that the main substitutions were C>T/G>A transitions 
in these 14 patients (figure  1C), consistent with The 
Cancer Genome Atlas Liver Hepatocellular Carcinoma 
(TCGA-LIHC) data set analyzed by the R project (online 
supplemental figure 5A). The results indicated that the 
occurrence and development of HCC may be related to 
C-base or G-base damage caused by some etiologies. The 
main mutational signatures were 4, 1 and 16 (figure 1D), 
consistent with those in the Catalogue Of Somatic Muta-
tions In Cancer (COSMIC) database (https://cancer.​
sanger.ac.uk/cosmic) (online supplemental figure 5B). 

https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://www.ebi.ac.uk/ipd/imgt/hla/
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Figure 1  Sequencing, clinical information and the mutation spectrum of the tumor tissues of 14 patients with HCC. 
(A) Illustration of WES and RNA sequencing performed on each sample from 14 patients with HCC. (B) Clinical characteristics 
of 14 patients with HCC. (C) The proportions of base substitution subtypes in samples. (D) The proportions of mutational 
signatures in samples. (E) The key mutated genes and the TMB in samples. HCC, hepatocellular carcinoma; PBMC, peripheral 
blood mononuclear cell; PVTT, portal vein tumor thrombus; TMB, tumor mutation burden; WES, whole-exome sequencing.
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Signature 4 is associated with smoking. Signature 1 is the 
result of an endogenous mutational process initiated by 
spontaneous deamination of 5-methylcytosine. Signa-
ture 16 is a specific signature of liver cancer and exhibits 
an extremely strong transcriptional strand bias for T>C 
mutations.

The genes mutated at high frequencies among these 
14 patients with HCC included HMCN1 (5/14), TTN 
(5/14), MUC4 (4/14), and TP53 (3/14). Pan-cancer 
driver genes,24 such as KMT2B and CTNNB1, HCC driver 
genes,25–29 such as SCMD3 and TP53, immune-related 
genes (according to Gene Set Enrichment Analysis, GSEA, 
https://www.gsea-msigdb.org/gsea/index.jsp, such as 
LHCGR and LILRB3) and CTL-evasion genes30 such as 
PIGS and CALR all had mutations (figure 1E). The results 
were similar to those in the TCGA-LIHC data set (online 
supplemental figure 5C). The mutation frequencies of 
HMCN1, TTN, MUC4 and TP53 were 8%, 28%, 10% and 
35%, respectively, in the TCGA-LIHC data set (online 
supplemental figure 5C). In summary, these results indi-
cated that our variation calling approach was reliable and 
could be used for HCC neoantigen prediction.

Potential neoantigen profiles
First, mutated DNA sequences from the 14 patients with HCC 
were translated and disassembled into potential mutated 
peptides. In total, 375,137 mutated peptides were identified 
in the tumor tissues, among which 82,501 could be detected 
by RNA sequencing. Then, the NetMHCpan-4.1 algorithm31 
was used to calculate the affinity of the mutated peptides to 
the patients’ HLAs. The data were filtered based on MutAff 
≤200 nM or referenced peptide affinity/MutAff ≥10 (online 
supplemental figures 6A-C, 7A-C). Finally, we excluded dupli-
cate neoantigens and HLA loss of heterozygosity,32 and found 
541 potential neoantigens (figure 2A,B).

We found that a higher number of potential neoan-
tigens was related to a higher TMB (figure  2C,D). The 
levels of potential neoantigens determined by different 
indexes showed strong correlations (figure 2D).

The goodness of fit of mutations and neoantigens between 
PVTTs and primary tumor tissues
Seven primary tumor tissues and seven PVTTs were collected 
from patient 01. The locations of these samples were shown in 
figure 3A. We further analyzed the WES data of these samples 
and found that mutations and neoantigens between tumor 
tissues and PVTTs had a substantial degree of consistency. 
The main substitutions were C>T/G>A transitions, and the 
main mutational signatures were 4, 1 and 16 (figure 3B,C) in 
both tumor tissues and PVTTs. The evolutionary tree showed 
that the tumor tissues and PVTTs shared the most mutations 
and had unique mutations (figure  3D,E). Furthermore, 
among the 23 potential neoantigens predicted from tumor 
tissue data, 19 were predicted from PVTT data (figure 3F). 
Therefore, we hypothesized that neoantigens in tumor tissues 
could be used for the prevention and treatment of advanced 
HCC with PVTTs and that neoantigens in PVTTs could play 

an important role in the prevention of tumor recurrence and 
metastasis.

Validation of the Co-HA system
The establishment of the Co-HA system was shown in 
the materials and methods and the online supplemental 
materials and methods. In the study, the reported KRAS 
G12D neoantigen, a positive control, was used to test 
the feasibility of the Co-HA system. First, the expression 
of the KRAS TCR in T cells from healthy donors was 
successfully detected by FCM (figure 4A). Subsequently, 
the CD8+ TCR-T cells exhibited enhanced proliferation 
(33.61%±0.93%) when co-cultured with the COS-7 cells 
expressing the KRAS G12D neoantigen in comparison 
with those cultured with the COS-7 cells expressing the 
paired WT antigen (5.91%±0.53%) or WT COS-7 cells 
(4.58%±0.68%) in the Co-HA system (figure 4B). In addi-
tion, we performed a series of cytotoxicity tests to detect 
the immunogenicity of the KRAS G12D neoantigen in the 
Co-HA system. The average number of interferon (IFN)-γ 
spots (128.33±23.33 spots/well) produced by the coincu-
bation of TCR-T cells and target cells expressing the KRAS 
G12D neoantigen was significantly greater than that of the 
WT antigen control detected by an enzyme-linked immu-
nospot assay (ELISpot) in the Co-HA system (figure 4C). 
Meanwhile, ELISA results showed that the IFN-γ levels 
(292.37±8.31 pg/mL) produced by coincubation of the 
specific T cells and the target cells expressing the KRAS 
G12D neoantigen were significantly higher than those 
observed in the WT antigen control (64.82±3.37 pg/mL) 
in the Co-HA system (figure 4D).

In particular, we tried a novel functional assay to assess 
specific cell lysis induced by the cytotoxicity of T cells in 
the Co-HA system. Because of the different base composi-
tions of the paired mutated and WT peptides, the relative 
number of the COS-7 cells expressing the KRAS G12D 
neoantigen and its paired WT peptide were recognizable 
by Sanger sequencing in the Co-HA system. The number 
of the COS-7 cells expressing the KRAS G12D neoantigen 
appeared relatively low when they were killed by T cells. 
The relative number of the COS-7 cells expressing its 
paired WT peptide remained nearly unchanged because 
they could not induce a strong immune response. By 
comparing the relative number of target cells expressing 
paired mutated or WT peptides before and after lysis, 
we could determine the percentage of specific cell lysis 
induced by the cytotoxicity of T cells. The specific lysis 
rates of the COS-7 cells generated by the KRAS G12D 
neoantigen in the Co-HA system were 58.84%±1.70% 
according to the DNA analysis and 53.35%±1.41% 
according to the RNA analysis (figure 4E). In addition, 
the level of lactate dehydrogenase (LDH) induced by 
cytotoxicity was significantly higher in the KRAS G12D 
neoantigen samples (21.05%±1.72%) than that in the WT 
antigen control (1.44%±0.13%) after cytotoxicity in the 
Co-HA system (figure 4F).

https://www.gsea-msigdb.org/gsea/index.jsp
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
https://dx.doi.org/10.1136/jitc-2022-006334
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Figure 2  Potential neoantigen profiles of 14 patients with HCC. (A) Schematic of the approach for screening potential 
neoantigens using computer algorithms. (B) Potential HCC neoantigen profiles determined by different indexes and HLA LOH. 
(C) Correlation analysis between the number of potential neoantigens and the TMB. (D) Correlation analysis between the 
number of potential neoantigens with different indexes and the TMB. HCC, hepatocellular carcinoma; HLA, human leukocyte 
antigen; LOH, loss of heterozygosity; TMB, tumor mutation burden.
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Figure 3  The goodness of fit of mutations and neoantigens between PVTTs and primary tumor tissues. (A) Illustration of 
the locations of multiple samples collected from the tumor tissue and PVTT. (B) Comparison of base substitution subtypes 
between PVTTs and primary tumor tissues. (C) Comparison of mutational signatures between PVTTs and primary tumor tissues. 
(D) Tumor evolutionary trees of patient 01. The blue trunk indicates mutations shared by all samples, the orange trunk indicates 
shared mutations that are not in all the samples, and the red and green branches indicate unique mutations in the samples. 
The 1 cm trunk indicates 40 mutations, and the 1 cm branch indicates 4 mutations. (E) Distribution of mutations in PVTTs and 
primary tumor. The blue pillars indicate mutations; the orange pillar indicates mutations shared by all samples; the red pillar 
indicates shared mutations that are not in all the samples, and the green pillar indicates unique mutations. (F) The potential 
neoantigens determined by different indexes in PVTTs and primary tumor tissues. HLA, human leukocyte antigen; PVTTs, portal 
vein tumor thrombi.
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Figure 4  Validation of the Co-HA system. (A) Construction of the KRAS G12D TCR-T cells from healthy donors detected by 
FCM. (B) The specific proliferation levels of the KRAS G12D TCR-T cells detected by FCM after co-culture with the COS-7 
cells expressing the relevant neoantigen in the Co-HA system. (C) The specific secretion of IFN-γ by TCR-T cells against the 
KRAS G12D neoantigen in the Co-HA system detected by ELISpot. (D) The specific secretion of IFN-γ by TCR-T cells against 
the KRAS G12D neoantigen in the Co-HA system detected by ELISA. (E) The specific lysis of the COS-7 cells generated by 
the KRAS G12D neoantigen in the Co-HA system detected by Sanger sequencing. (F) The LDH levels induced by TCR-T cells 
against the KRAS G12D neoantigen in the Co-HA system detected by ELISA. FCM, flow cytometry; ELISpot, enzyme-linked 
immunospot assay; IFN-γ, interferon-γ; LDH, lactate dehydrogenase; TCR, T-cell receptor.
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The above results showed that the strong immunoge-
nicity of the KRAS G12D neoantigen could be verified in 
the Co-HA system, confirming the feasibility of the system.

Screening of potential HCC-dominant neoantigens by specific 
tetramers
We used tetramer staining to preliminarily screen poten-
tial HCC-dominant neoantigens. Since HLA-A*11:01, 
HLA-A*24:02 and HLA-A*02:01 are prevalent in the 
population,33 we produced 37 predicted neoantigen 
peptides restricted by HLA-A*11:01, HLA-A*24:02 or 
HLA-A*02:01 and coincubated them with PBMCs from 
patients to promote specific T-cell proliferation. The 
paired linear sequences of mutated and WT peptides 
and their affinities are shown in online supplemental 
table 3. Then, we detected the frequency of the specific 
T cells by analyzing specific tetramers (figure 5A,B). The 
frequencies of the mutated peptide 5'-FYAFSCYYDL-3'-
specific T cells and the mutated peptide 5'-WVWCMSPTI-
3'-specific T cells were relatively high. In particular, the 
frequency of 5'-FYAFSCYYDL-3'-specific T cells (53.415%) 
was much greater than that of other reported domi-
nant neoantigens. In contrast, specific T-cell reactivity 
against the paired WT peptides was weaker than that 
against the mutated peptides, particularly in CD8+ T cells 
(figure 5C). Thus, 5'-FYAFSCYYDL-3' may have excellent 
immunogenicity.

Several lines of evidence have suggested that CD39+ 
CD8+ T cells may have better abilities to recognize neoan-
tigens, and high-affinity neoantigens may trigger potent 
anti-HCC activity by activating CD39+ CD8+ T cells.34 35 
In this study, there were potential dominant neoantigens 
with substantial immunogenicity in patient 04 and patient 
05. Interestingly, the expression of CD39 on CD8+ T cells 
of patient 04 and patient 05 were dramatically higher 
than other patients (figure  5D, online supplemental 
figure 8A). The CD39+ CD8+ T cells induced by 5'-FYAFS-
CYYDL-3' neoantigen peptide were more than those 
induced by its paired WT peptide (online supplemental 
figure 8B). Importantly, almost all the tetramer+ 5'-FYAFS-
CYYDL-3' neoantigen-specific T cells sorted by FCM were 
CD39+ CD8+ T cells (online supplemental figure 8B).

In short, we found that 5'-FYAFSCYYDL-3' restricted by 
HLA-A*24:02 and 5'-WVWCMSPTI-3' restricted by HLA-
A*02:01 were potential HCC-dominant neoantigens.

New HCC-dominant neoantigens verified by the Co-HA system 
demonstrate strong immunogenicity
In figure  6A, we verified the transcriptional neoan-
tigen 5'-FYAFSCYYDL-3' existed in the tumor tissue of 
patient 04 but not in the non-tumor liver tissue. Then, 
we conducted a series of tests to detect the immunoge-
nicity of potential HCC-dominant neoantigens in the 
Co-HA system, as previously described for the positive 
control KRAS G12D neoantigen. We found the average 
number of IFN-γ spots (142±10.23 spots/well) produced 
by the coincubation of specific T cells and target cells 
expressing the neoantigen 5'-FYAFSCYYDL-3' was 

significantly greater than that of the WT antigen control 
in the Co-HA system, as demonstrated by ELISpot analysis 
(figure 6B). In particular, the specific lysis of the COS-7 
cells generated by the neoantigen 5'-FYAFSCYYDL-3' in 
the Co-HA system was 66.93%±1.40% according to the 
DNA analysis and 67.71%±0.83% according to the RNA 
analysis (figure  6C). Meanwhile, ELISA results showed 
that the IFN-γ levels (362.47±9.80 pg/mL) produced 
by coincubation of the specific T cells and the target 
cells expressing the neoantigen 5'-FYAFSCYYDL-3' was 
significantly greater than that of the WT antigen control 
(60.99±4.92 pg/mL) in the Co-HA system (figure  6D). 
Finally, the level of LDH induced by cytotoxicity in the 
Co-HA system was significantly greater in the neoantigen 
5'-FYAFSCYYDL-3' (36.45%±0.65%) than that produced 
with the WT antigen control (1.51%±0.18%) (figure 6E).

Similarly, the transcriptional neoantigen 5'-WVWCM-
SPTI-3' was verified in the tumor tissue of patient 05 
but not in the non-tumor liver tissue (figure  6F). The 
average number of IFN-γ spots (8.33±3.09 spots/well) 
produced by the coincubation of specific T cells and 
target cells expressing the neoantigen 5'-WVWCM-
SPTI-3' was significantly greater than that observed 
with the WT antigen control in the Co-HA system, as 
demonstrated by the ELISpot analysis (figure  6G). In 
particular, the specific lysis of the COS-7 cells gener-
ated by the neoantigen 5'-WVWCMSPTI-3' in the Co-HA 
system was 13.09%±3.03% according to the DNA anal-
ysis and 11.00%±3.01% according to the RNA anal-
ysis (figure  6H). Meanwhile, the ELISA results showed 
that the IFN-γ levels (104.74±4.21 pg/mL) produced by 
the coincubation of the specific T cells and the target 
cells expressing the neoantigen 5'-WVWCMSPTI-3' in 
the Co-HA system were significantly greater than those 
produced by the WT antigen control (63.32±5.34 pg/
mL) (figure  6I). Finally, the level of LDH induced 
by cytotoxicity was significantly higher in neoantigen 
5'-WVWCMSPTI-3' (6.81%±0.77%) than that produced 
by the WT antigen control (1.03%±0.39%) (figure  6J). 
In summary, the results indicated that 5'-FYAFSCYYDL-3' 
and 5'-WVWCMSPTI-3' were new HCC-dominant neoan-
tigens with substantial immunogenicity.

Antitumor efficacy of ectonucleoside triphosphate 
diphosphohydrolase 6 neoantigen-specific T cells in vivo
The B-NDG-B2mtm1Fcrntm1(mB2m)/Bcgen mouse model 
was used for evaluation of antitumor efficacy of ectonu-
cleoside triphosphate diphosphohydrolase 6 (ENTPD6) 
neoantigen-specific T cells. The Huh-7 cells coexpressing 
HLA-A*24:02 and ENTPD6 neoantigen were selected as 
the target cells (online supplemental figure 9A), and then 
implanted into mice. When tumor size was approximately 
150±50 mm3, they were treated with the neoantigen-
specific T cells every 2 days. After three times of treatment, 
the volume and weight of tumors with neoantigens were 
both smaller than those of WT type (figure 7A). In addi-
tion, the key sequences of the ENTPD6 in tumors were 
successfully detected by Sanger sequencing (figure 7B). 
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Figure 5  Screening of new HCC-dominant neoantigens by specific tetramers. (A) Tetramer staining of PBMCs from patients 
after stimulation with predicted neoantigen peptides. The irrelevant peptides are isotype controls. The amino acids in the red 
font are mutation sites. (B) The frequency of the specific T cells after stimulation with predicted neoantigen peptides. (C) The 
frequency of the specific T cells in PBMCs of patient 04 after stimulation with potential dominant neoantigens and paired WT 
peptides. (D) The frequency of CD39+ CD8+ T cells after stimulation with predicted neoantigen peptides. HCC, hepatocellular 
carcinoma; PBMCs, peripheral blood mononuclear cells; WT, wild type.



11Chen P, et al. J Immunother Cancer 2023;11:e006334. doi:10.1136/jitc-2022-006334

Open access

Figure 6  Verification of new hepatocellular carcinoma-dominant neoantigens by the Co-HA system. (A) The transcriptional 
neoantigen 5'-FYAFSCYYDL-3' verified in the tumor tissues of patient 04 with Sanger sequencing. (B) The specific secretion 
of IFN-γ by T cells from PBMCs of patient 04 against the neoantigen 5'-FYAFSCYYDL-3' in the Co-HA system detected by 
ELISpot. (C) The specific lysis of the COS-7 cells generated by the neoantigen 5'-FYAFSCYYDL-3' in the Co-HA system 
detected by Sanger sequencing. (D) The specific secretion of IFN-γ by T cells from PBMCs of patient 04 against the neoantigen 
5'-FYAFSCYYDL-3' in the Co-HA system detected by ELISA. (E) The LDH levels induced by the specific T cells against the 
neoantigen 5'-FYAFSCYYDL-3' in the Co-HA system detected by ELISA. (F) The transcriptional neoantigen 5'-WVWCMSPTI-3' 
verified in the tumor tissues of patient 05 with Sanger sequencing. (G) The specific secretion of IFN-γ by T cells from PBMCs 
of patient 05 against the neoantigen 5'-WVWCMSPTI-3' in the Co-HA system detected by ELISpot. (H) The specific lysis of 
the COS-7 cells generated by the neoantigen 5'-WVWCMSPTI-3' in the Co-HA system detected by Sanger sequencing. (I) The 
specific secretion of IFN-γ by T cells from PBMCs of patient 05 against the neoantigen 5'-WVWCMSPTI-3' in the Co-HA system 
detected by ELISA. (J) The LDH levels induced by the specific T cells against the neoantigen 5’-WVWCMSPTI-3’ in the Co-HA 
system detected by ELISA. HLA, human leukocyte antigen; ELISpot, enzyme-linked immunospot assay; IFN-γ, interferon-γ; 
LDH, lactate dehydrogenase; PBMCs, peripheral blood mononuclear cells.
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Figure 7  Antitumor efficacy of ENTPD6 neoantigen-specific T cells in vivo and their specific TCRs. (A) Evaluation of antitumor 
efficacy for the ENTPD6 neoantigen in the B-NDG-B2mtm1Fcrntm1(mB2m)/Bcgen mouse model. (B) The key sequences of the 
tumor analyzed with Sanger sequencing. (C) The specific secretion of IFN-γ by the potential TCR-T cells against the ENTPD6 
neoantigen in the Co-HA system detected by ELISpot (*p<0.05; **p<0.01; ***p<0.001). ELISpot, enzyme-linked immunospot 
assay; ENTPD6, ectonucleoside triphosphate diphosphohydrolase 6; IFN-γ, interferon-γ; TCR, T-cell receptor.
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These results suggested that the neoantigen-specific T 
cells could kill tumor cells with the specific neoantigen 
and the dominant neoantigens could be ideal therapeutic 
targets for HCC immunotherapy.

Specific TCR of the ENTPD6 neoantigen
For neoantigens, the corresponding TCR is a necessary 
condition for activating T cells. So, the TCR sequencing 
was considered to further identify recognition of neoan-
tigens. The ENTPD6 neoantigen-specific T cells from 
patient 04 were sorted by FCM after tetramer staining 
(online supplemental figure 10A,B). We captured a total 
of eight TCRs by Sanger sequencing (online supplemental 
table 4). The sequences of these TCRs were successfully 
verified by the IgBlast tool (https://www.ncbi.nlm.nih.​
gov/). Then, we constructed TCR-T cells that may be 
able to recognize the ENTPD6 neoantigen. The number 
and mean size of IFN-γ spots produced by the coincuba-
tion of cytotoxic TCR-T cells and target cells expressing 
the neoantigen were significantly greater than that of the 
WT antigen control detected by an ELISpot analysis in 
the Co-HA system (figure 7C). Finally, we found that the 
dominant clone of TCRs for ENTPD6 neoantigen was S20-
1-BA2 (figure 7C).

DISCUSSION
Immune checkpoint inhibitors (ICIs) have revolution-
ized cancer therapy and have demonstrated clinical 
efficacy in HCC immunotherapy in the CheckMate-040 
trial36 and the IMbrave 150 trial.37 However, ~70% of 
patients with advanced HCC did not benefit from these 
treatments. Although ICIs can reverse tumor-induced 
immunosuppression and release T-cell-mediated anti-
tumor responses,38 the dominant immunotherapeutic 
targets should also be considered when T cells are acti-
vated. Tumor neoantigens were excellent targets when 
combined with ICIs, which would strengthen T-cell cyto-
toxicity in HCC.7 However, due to the lack of an effective 
HCC neoantigen profile, the progress of HCC neoan-
tigen clinical trials is slow. In this study, we established 
a systematic and reliable workflow for the screening and 
verification of HCC neoantigens.

The precondition for predicting neoantigens is effec-
tive variation calling. The base substitutions, mutation 
characteristics, and mutated genes in our 14 enrolled 
patients with HCC were mostly consistent with those in 
the TCGA-LIHC data set, COSMIC database (online 
supplemental figure 5A-C) and some previous reports.17 39 
These characteristics were not identical as the number 
of samples was limited, and approximately 50% of the 
patients in the study had HBV; thus, our patient popula-
tion was representative of the Asian population but not 
the global patient with HCC population. Therefore, the 
mutation frequencies of some high-frequency mutated 
genes were slightly different in our population from those 
in the TCGA-LIHC data set. For example, the mutation 

frequency of TP53 was 21.4% (3/14) in our population, 
but that in the TCGA-LIHC data set was 35.4% (109/308).

We predicted 541 potential neoantigens in tumors. Due 
to the high heterogeneity of neoantigens,6 7 most of these 
potential neoantigens have not been previously reported, 
and there was no overlap among the potential neoanti-
gens in the 14 patients. We tried to detect 5'-FYAFSCYY-
DL-3' and 5'-WVWCMSPTI-3' in 80 HCC tumor tissues 
(online supplemental figure 11); only patient 04 and 
patient 05 had these new dominant HCC neoantigens. 
These results suggest that neoantigen vaccines should be 
individualized.

PVTT is the main form of intrahepatic HCC metas-
tasis, with an incidence of 35%–50%.40 41 The evolu-
tionary tree constructed in our study showed that most 
potential neoantigens in PVTTs were derived from tumor 
tissues, suggesting that HCC neoantigens identified in 
tumor tissues could be used as vaccines to prevent and 
treat PVTTs. Since PVTTs are related to HCC recurrence 
and metastasis, the neoantigens identified in PVTTs are 
crucial for preventing such events.

Experimental validations in vitro and in vivo are indis-
pensable for neoantigen identification. Cheng et al only 
identified 1 positive neoantigen among 322 predicted 
HCC neoantigens by tetramer staining, and the frequency 
of specific T cells was 0.220% in CD8+ tumor-infiltrating 
lymphocytes (TILs).18 Dong et al coincubated predicted 
neoantigen peptides with PBMCs to promote specific 
T-cell proliferation, and the maximum percentage 
of tetramer-positive T cells was approximately 18%.17 
With the same method, we found that the frequency of 
5'-FYAFSCYYDL-3'-specific T cells (53.415%) was much 
greater than that of other neoantigen-specific T cells, 
suggesting that 5'-FYAFSCYYDL-3' may be a dominant 
neoantigen in HCC. Furthermore, neoantigen vaccines 
are mainly used for patients with advanced HCC. Most 
TILs in these patients have been exhausted due to 
the crosstalk between HCC and the immune system. 
However, specific T cells targeting neoantigens in PBMCs 
still exist. The ability to promote specific T-cell prolif-
eration in PBMCs makes these neoantigens suitable for 
tumor vaccines, particularly peptide vaccines. Thus, we 
chose PBMCs from patients for screening potential HCC-
dominant neoantigens.

Furthermore, the Co-HA system verified that the HLA-
A*24:02-restricted epitope 5'-FYAFSCYYDL-3', produced 
by the mutated ENTPD6, and the HLA-A*02:01-restricted 
epitope 5'-WVWCMSPTI-3', produced by the mutated 
asparagine-linked glycosylation protein 1 homolog 
(ALG1), had strong immunogenicity in HCC. However, it 
was confirmed that two predicted neoantigens (5'-KMAQ-
FYYSA-3' and 5'-KQIAELETWV-3') that generated low-
frequency tetramer+ T cells could not trigger potent 
immune response in the Co-HA system (online supple-
mental figure 12A-F). It is well known that HCC-dominant 
neoantigens have excellent affinity and that their paired 
WT peptides are weak. The affinity of 5'-FYAFSCYYDL-3' 
was 82.16 nM, and the affinity of its paired WT peptide was 
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51.58 nM. The affinity of 5'-WVWCMSPTI-3' was 41.20 nM, 
and the affinity of its paired WT peptide was 72.26 nM. 
These results suggest that HCC-dominant neoantigens 
generally have excellent affinity; however, the affinity of 
their paired WT peptides may not be weak. As different 
HLAs show different distributions of binding affinity 
and promiscuity, it is common to screen neoantigens in 
terms of the rank of mutated peptide affinity (MutRank) 
≤2 from a sample of random peptides.42 However, the 
MutRank of 5'-FYAFSCYYDL-3' is 1.957, and the MutRank 
of 5'-WVWCMSPTI-3' is 3.375. This result suggests that 
screening HCC-dominant neoantigens by MutRank 
≤2 may be insufficient. ENTPD6 is similar to E-type 
nucleotidases, which mediate the catabolism of purine 
and pyrimidine.43 44 ALG1 encodes a transmembrane 
chitobiosyldiphosphodolichol β-mannosyltransferase, 
which mediates the biosynthesis of lipid-linked oligosac-
charides.45 46 ENTPD6 and ALG1 were both remarkably 
overexpressed in several human cancers, including HCC 
(online supplemental figure 13A,B). Patients with HCC 
with high ENTPD6 and ALG1 expression levels were likely 
to have poor overall survival outcomes (online supple-
mental figure 13C). One study revealed that ENTPD6 
might be a tumor suppressor gene in testicular cancer.44 
In addition, the knockdown of ENTPD6 significantly 
desensitized pancreatic cancer cells to gemcitabine and 
cytosine arabinoside.47 These results illustrated that 
ENTPD6 and ALG1 might play an important role in HCC. 
The mutations and neoantigens generated from ENTPD6 
and ALG1 may be the products of crosstalk between HCC 
and the immune system.

Adoptive transfer of T cells transduced with TCRs 
or chimeric antigen receptors (CARs) is a promising 
approach to cancer immunotherapy. Compared with 
CAR-T cells, TCR-T cells have more target options.48 
In this study, the Co-HA system was used to verify that 
TCR-T cells targeting the reported KRAS G12D neoan-
tigen restricted by HLA-A*11:01 could kill target cells. In 
addition, we identified that the dominant clone of TCRs 
for ENTPD6 neoantigen was S20-1-BA2 (figure 7C) by the 
Co-HA system. These results suggest that this system can 
be used to validate the feasibility of TCR-T cells.

The main novelty of the study is the development and 
validation of the Co-HA system. The design of the HLA 
vector of the Co-HA system is innovative: all functional 
regions, such as the HLA regions and neoantigen regions, 
are replaceable. Therefore, we could construct the preva-
lent HLA vectors with only one cutting and joining proce-
dure. Then, the neoantigen DNA could be seamlessly 
assembled between the P2A DNA and termination codon, 
which is beneficial for its independent expression without 
the production of non-natural antigens. In general, 
peptides including HLA and neoantigen could be cleaved 
by the P2A peptide, which has the highest cleavage effi-
ciency among 2A peptides.49 The Co-HA system is easy 
to replicate in other laboratories for verifying the func-
tion of different peptides or the TCR-T cells. In addition, 
two Chinese invention patents (ZL202111576586.2 and 

ZL202010634108.1) have been granted for the Co-HA 
system, which is being evaluated in clinical trials (​Clini-
calTrials.​gov: NCT05105815).

The main limitation of our study is that only HLA-
A*11:01-, HLA-A*24:02- or HLA-A*02:01-restricted 
neoantigens were identified, with limited patient 
numbers. An evaluation of a larger number of patients 
will be conducted in the future using the Co-HA system to 
develop an effective neoantigen profile for HCC immu-
notherapeutic targeting.

In conclusion, this study presents a convenient system 
for identifying HCC neoantigens and may promote 
personalized immunotherapies for HCC.
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