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Immunotherapy has revolutionized the management of cancer treatment, together with
encouraging clinical outcomes. Instead, increasing experimental trials has demonstrated that
conventional Immune Checkpoint Inhibitors (ICls) present low efficiency in a large proportion of
patients with many cancer types, usually accompanied by serious adverse events. The investigation
of neoantigen opens up a new field of tumor immunotherapy, synergistically paving the way for
individual immunotherapy. The accuracy and time-efficiency of neoantigens prediction constitute
the challenging factor involved in clinical application. This article represents a systematic summary
of the history and identification of neoantigen, as well as the challenges in its future development.
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Introduction

Cancer immunotherapy has ushered in a new era of cancer
treatment. Immune Checkpoint Inhibitors (ICls) targeting PD-1,
PD-L1, and CTLA-4 have become the mainstay of cancer immu-
notherapy and have been widely used in the treatment of vari-
ous cancers, improving the overall survival rate of cancer pa-
tients to some extent [1-9]. However, studies have shown that
only 10-40% of cancer patients benefit from ICl treatment, and
20% of them have to interrupt or discontinue treatment due to
immune-related side effects, which can even be fatal in severe
cases. Therefore, there is an urgent need to deeply understand
the intrinsic molecular mechanisms of cancer immunotherapy
and develop new immunotherapeutic approaches [1,7-9].

Cancer is a disease caused by DNA damage and gene mu-
tations, and those antigens that are produced by somatic mis-
sense mutations, expressed only in tumor cells, and can induce
an endogenous T cell immune response are called tumor neo-
antigens [10-16]. Tumor neoantigens are mainly produced by

mutations such as Single Nucleotide Variations (SNVs), gene
fusions, alternative RNA splicing, intron retention, DNA inser-
tions/deletions, and post-translational modifications and en-
dogenous retroviruses can also produce such antigens [17,18].

The development of Next-Generation Sequencing (NGS)
technology has revolutionized the identification of tumor neo-
antigens, and there is evidence that tumor neoantigens are dual
targets of endogenous antitumor immune response and cancer
immunotherapy [1,4-10,19]. Tumor mutational burden (TMB, a
commonly used surrogate marker of tumor neoantigens) is re-
lated to the number of tumor-infiltrating lymphocytes and the
survival rate of cancer patients. In addition, TMB is an important
biomarker for evaluating the response to ICI treatment. Stud-
ies have shown that two neoantigen-based cancer treatments,
personalized vaccines and adoptive immune cell therapy, have
shown good antitumor effects in the clinic. Therefore, the iden-
tification and application of tumor neoantigens will have impor-
tant value for the clinical treatment of tumors [20].
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The development of NGS and bioinformatics technologies
has made the rapid identification of tumor neoantigens pos-
sible, providing a cost-effective method for personalized cancer
immunotherapy. However, only a small fraction of the neoanti-
gens predicted by existing technologies and methods have been
confirmed to induce immune responses. Therefore, the exist-
ing neoantigen prediction methods still have great limitations,
and the clinical application and translation based on neoanti-
gens face great challenges [2-16]. This paper mainly discusses
the history of tumor neoantigens, their identification methods,
their applications in cancer immunotherapy, and the challenges
they face.

History of tumor neoantigens

The earliest cancer immunotherapy can be traced back to
the mid-20th century. Gross reported that transplantable tu-
mors can induce active immunity in syngeneic mice [21]; Foley’s
study showed that carcinogen-induced tumors are antigenic
and can be recognized by the immune system [22]; De Plaen
et al. discovered the first new antigen recognized by Cytotoxic
T Lymphocytes (CTLs) in a Methylcholanthrene (MCA)-induced
mouse tumor model [23]; Monach et al. found that CD4+ T
cells can induce a specific antitumor immune response and in-
hibit tumor growth after recognizing tumor neoantigens [24];
Robbins et al. discovered new antigens recognized by Tumor-
Infiltrating Lymphocytes (TILs) and CTLs in human melanoma
and renal cell carcinoma, respectively [25,26]; Huang and his
colleagues found that melanoma patients’ tumors almost
completely disappeared after receiving autologous TILs [27];
Lennerz et al. found that T lymphocytes play a major role in the
antitumor immune response induced by neoantigens in a long-
term surviving melanoma patient [28]; Zhou et al. found in a
study on melanoma patients that adoptive TILs were associated
with tumor regression and could persist in tumor patients for
a long time [29]; in 2008, Ley et al. used NGS technology for
tumor neoantigen identification research, and more tumor neo-
antigens can be found by comparing the genomic mutations of
tumor and normal tissues, which greatly promoted the research
of tumor neoantigens [30]; Castle et al. used NGS technology to
evaluate the antitumor activity of neoantigen vaccines in the
B16 melanoma model [31]; Robbins et al. found that NGS helps
identify neoantigens that can induce TILs response in melano-
ma patients [32]; Gubin et al. identified neoantigens as a tar-
get for ICI treatment in a sarcoma mouse model [33]; Tran et
al. found that in metastatic epithelial cancer, adoptive CD4+ T
against specific antigens has significant antitumor activity and
causes tumor regression [34]; Chan and Rizvi et al. confirmed
in melanoma and lung cancer patients that neoantigen load is
related to the clinical therapeutic effect of ICls [35,36]; in 2015,
Beatriz’s team reported for the first time that neoantigen vac-
cines could enhance T cell immune response in advanced mela-
noma patients, and at the same time proved the efficacy and
feasibility of personalized dendritic cell vaccines [37]; Tran and
his colleagues found that adoptive cell therapy targeting KRAS
neoantigens in advanced colon cancer patients can cause tumor
regression [38]; McGranahan et al. found that neoantigen load
is correlated with the clinical therapeutic effect of ICls [39]; Ott
et al. achieved significant results in melanoma patients using a
peptide vaccine targeting 20 neoantigens, and further demon-
strated that personalized neoantigen vaccines combined with
nivolumab were effective in advanced solid tumor patients [40].

Identification of neoantigens

Currently, there are two main methods for identifying neo-
antigens: 1) Direct identification of peptide-MHC complexes
(Figure 1) [1-9,41,42]; 2) Prediction of neoantigens by NGS
technology combined with bioinformatics methods (Figure 2)
[1-9,41,42).

Direct identification of
[6,8,20,24,43-46]

peptide-MHC  complexes

MHC class | and class Il molecules are mainly responsible for
the presentation of intracellular neoantigens, and Mass Spec-
trometry (MS) technology can be used to detect peptides/Ii-
gands bound to MHC molecules, so that neoantigens can be di-
rectly identified. This method can not only identify neoantigens
during the presentation process, but also identify neoantigens
produced by the post-translational modification process. The
development of high-throughput MS technology has greatly
promoted the identification of neoantigens. However, direct
identification methods based on MS technology have great limi-
tations. The collection and identification of peptides/ligands is
very time-consuming and laborious, often taking weeks or even
months, which greatly limits their clinical translation and ap-
plication; in addition, only a small fraction of all peptide/MHC
complexes can induce immune responses, resulting in the iden-
tification process requiring a large number of tissues and high
analysis depth, so this method is mostly used in cell lines and
preclinical models, while less in clinical applications.

Prediction of neoantigens by NGS technology combined
with bioinformatics methods

In view of the limitations of direct identification methods
for neoantigens, the development of NGS and bioinformatics
technologies has provided new optional methods for the iden-
tification of neoantigens. NGS technology has greatly reduced
the cost and cycle of gene sequencing. With the help of NGS
technology, we can obtain tumor genomic mutation informa-
tion, which provides a basis for the identification of neoantigens
[42]. The prediction of neoantigens based on NGS and bioin-
formatics technology mainly includes three steps [1-9,12-15]:
1) Identification of tumor-specific mutations by Whole-Genome
Sequencing (WGS), Whole-Exome Sequencing (WES), or tran-
scriptome sequencing (RNA-seq); 2) Using bioinformatics meth-
ods to predict the type of Major Histocompatibility Complex
(MHC)/Human Leukocyte Antigen (HLA); 3) Selection of neoan-
tigens.
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Figure 1: Direct identification of cancer neoantigens [19].
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Sequencing-based Identification of Cancer Neoantigens
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Figure 2: Sequencing-based identification of cancer neoantigens
[19].
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Figure 4: Combinatorial approaches to generate the adoptive T
cell therapy [55].

Using WES results, the genomes of tumor tissue and paired
normal tissue are compared to map the DNA mutation spec-
trum of tumor cells. Combined with RNA-seq results, we can
infer which mutated genes are expressed in tumor cells and
are likely to become neoantigens. Combining MS and WES can
make the prediction of neoantigens more effective [42]. First,
tumor-specific gene mutations are identified using WES tech-
nology, and a tumor genome mutation library is constructed;
then, the peptides identified by LC-MS/MS are compared with
the tumor genome mutation library to more accurately identify
the neoantigens that can bind to MHC [19,42,47-50].

It is worth noting that the development of bioinformatics
has greatly improved the accuracy and effectiveness of tumor
neoantigen identification. MHC class | and class Il molecules
process and present antigens in different ways. The length of
peptides bound by MHC-I molecules is usually only 8-10 amino
acids, while MHC-II molecules can bind to peptides with a length

of 11-20 amino acids [42]. Some bioinformatics tools based on
sequencing data such as WES, WGS, and RNA-seq can predict
MHC alleles [42,51], such as Optitype and Polysolver, which can
predict MHC class | molecules, and seq2HLA, Athlates, HLAscan,
HLAProfiler, PHLAT, and ArcasHLA, which can predict both MHC
class | and class Il molecules. In addition, NetMHC, NetMHC-
pan, and MHCflurry based on bioinformatics methods have also
been used for the identification of neoantigens. The affinity be-
tween peptides and MHC and the expression level of mutated
genes are important bases for neoantigen identification.

Identification of neoantigen immunogenicity

The generation of neoantigens must meet two conditions:
1) The peptide expressed by the mutated gene must be able
to be processed and presented by MHC molecules; 2) The pep-
tide-MHC complex must be recognized by endogenous T cells
[4-8,27-29]. MS, NGS, and bioinformatics methods provide a
reliable basis for the identification of neoantigens, but whether
the screened neoantigens can induce a T cell immune response
is another problem that needs to be solved in the process of
neoantigen identification [27-29]. In this regard, T cell experi-
ments can determine whether neoantigens presented by MHC
can be recognized by T cells and induce subsequent immune re-
sponses. Methods such as fluorescently labeled HLA tetramers
or multimers and enzyme-linked immunospot (ELISpot) have
been used for T cell experiments, but these cell-based assays
that play an important role in the identification of neoantigens
are often expensive and time-consuming and technically chal-
lenging [52].

Clinical application of tumor neoantigens

Tumor-specific vaccines and adoptive immunotherapy are
two important applications of neoantigens in individualized tu-
mor immunotherapy:

Tumor-specific vaccines

The concept of tumor neoantigen vaccines was first pro-
posed in the 1990s, and its development largely benefited from
the development of high-throughput sequencing technology
and bioinformatics. Vaccines based on tumor neoantigens have
a wide range of applications in the clinical treatment of tumors.
Such vaccines can stimulate the body to produce a specific im-
mune response, and specifically kill tumor cells without damag-
ing normal human cells. According to the delivery method of
the vaccine, tumor-specific vaccines can be divided into: Syn-
thetic Long chain Peptides (SLPs), DNA, RNA, Dendritic Cells
(DCs), viruses, and bacteria, etc. [1-12]. Neoantigen vaccines
exert their anti-tumor effects by activating the body’s specific
T cell immune response, inhibiting the growth of tumor cells
or killing tumor cells [27-29]. Tumor-specific vaccines based
on neoantigens have achieved good results in a series of clini-
cal trials in melanoma and glioma. The results of these clinical
trials indicate that personalized neoantigen vaccines are also
feasible for “cold” tumors with low TMB and poor response to
ICIs [53,54]. In addition, another neoantigen vaccine based on
dendritic cells has also achieved good results in ovarian cancer
[42]. A growing number of clinical trial results indicate that tu-
mor-specific vaccines based on neoantigens will be a promising
research direction in the clinical treatment of tumors.

Adoptive immunotherapy

Adoptive immunotherapy is another important application
of neoantigens in tumor clinical treatment and research be-
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sides tumor-specific vaccines. This method refers to the in vitro
culture of T cells from donors, and the cultured T cells are re-
turned to the donor’s body to enhance the donor’s own T cell
anti-tumor response, thereby killing tumor cells [27-29,42,55-
59]. The cell types of adoptive T cell therapy include: 1) tumor-
infiltrating T cells; 2) T cells genetically engineered to express
T Cell Receptors (TCRs) or Chimeric Antigen Receptors (CARs);
3) other immune cells such as natural killer cells. Adoptive T
cell therapy has been shown to play an anti-tumor role in gas-
trointestinal tumors, metastatic cholangiocarcinoma, colorectal
cancer, cervical cancer, breast cancer, etc. The results of these
clinical trials indicate that adoptive immunotherapy based on
neoantigens will play an increasingly important role in tumor
immunotherapy [42,55-59].

Prospect

Tumor neoantigens can stimulate endogenous immune re-
sponses and enhance the body’s anti-tumor activity, playing an
important role in tumor immunotherapy. Direct identification
methods of neoantigens based on MS technology are relatively
effective, but they are time-consuming and laborious, which
limits their clinical application. The development of NGS and
bioinformatic technology not only enables us to quickly obtain
genomic mutation and expression information, but also to pre-
dict the type/genotype of MHC [4,7,8,11,43-46]. Although the
development of NGS and bioinformatics technology has great-
ly promoted the identification of neoantigens and its clinical
translation and application, the accuracy of its prediction still
has a lot of room for optimization [1-10,52].

Despite the great progress in tumor vaccine research based
on neoantigens, its development still faces many challenges,
among which the identification of neoantigen immunogenicity
is @ major obstacle; due to the existence of tumor heteroge-
neity, neoantigens are expressed in different tumors, Different
parts of the same tumor are different, which also causes great
trouble for the design of neoantigen vaccines and their trans-
portation and delivery in the body; tumor cells themselves can
evolve the ability to avoid immune cell recognition and attack
[8,12,14-19]. With the continuous development of new tech-
nologies, research on neoantigens in tumors will continue to
deepen, and immunotherapy based on neoantigens in tumors
will inevitably have broader application prospects in the clinical
treatment of tumors.
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