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Abstract: Unlike traditional cancer therapies, cancer vaccines (CVs) harness a high specificity of
the host’s immunity to kill tumor cells. CVs can train and bolster the patient’s immune system
to recognize and eliminate malignant cells by enhancing immune cells’ identification of antigens
expressed on cancer cells. Various features of antigens like immunogenicity and avidity influence the
efficacy of CVs. Therefore, the choice and application of antigens play a critical role in establishing
and developing CVs. Tumor-associated antigens (TAAs), a group of proteins expressed at elevated
levels in tumor cells but lower levels in healthy normal cells, have been well-studied and developed
in CVs. However, immunological tolerance, HLA restriction, and adverse events are major obstacles
that threaten TAA-based CVs’ efficacy due to the “self-protein” characteristic of TAAs. As “abnormal
proteins” that are completely absent from normal cells, tumor-specific antigens (TSAs) can trigger a
robust immune response against tumor cells with high specificity and without going through central
tolerance, contributing to cancer vaccine development feasibility. In this review, we focus on the
unique features of TAAs and TSAs and their application in vaccines, summarizing their performance
in preclinical and clinical trials.

Keywords: cancer vaccines; cancer antigens; tumor-specific antigens; tumor-associated antigens;
neoantigens; cancer-germline antigens

1. Introduction

Since tumor antigens’ discovery, the expression pattern of which was different from
normal tissues, it became obvious that tumors are immunologically distinguished from
other tissues. Further, research on tumor antigens has been expanded; multiple new
groups and dozens of new antigens were described. Application of tumor antigens for
immunotherapy of cancer has begun. However, it has turned out that most initially
described human tumor antigens are not specific for tumors; thus, they were designated as
tumor-associated antigens (TAAs) and nowadays generally accepted as less suitable for
being immunogens in anticancer vaccines.

Other pioneers in tumor antigens discovery are cancer-germline antigens (CGAs).
Nowadays, more than 200 CGAs have been described. Later, proteins from other immune-
privileged tissues were found to be expressed in tumors, such as neuronal tissue and retina.
They were designated as onconeural and cancer-retina antigens, respectively. Acknowledg-
ing that such antigens can be expressed in tumors, but they are not fully tumor-specific due
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to their normal immune-privileged expression, they can be grouped as immune-privileged
antigens. Such antigens are potential candidates for anticancer vaccine immunogens due
to the absence of their expression in normal, other than immune-privileged, tissues and,
therefore, high immunogenicity for the autologous immune system. Thus, by utilization of
immune-privileged antigens as vaccines, central immune tolerance can be avoided. How-
ever, it is worth remembering the rare but possible autoimmune conditions due to their
localization in immune-privileged tissues, similar to those in paraneoplastic syndromes.

Following antigens with incomplete tumoral specificity, tumor-specific antigens (TSAs)
were described, which expression was found to be specific only for malignancies. It has
been noted that tumors can be differentiated by the number of mutations that appeared
for a certain period. Thus, the intensity of the mutagenic process is different in different
malignancies. Such a tumor feature was designated as a tumor mutation burden (TMB). Tu-
mors with higher TMB are more immunogenic. This phenomenon exists due to mutations
and the generation of unique amino acid sequences—neoantigens—that are tumor-specific.
Ironically, described as one of the first tumor antigens in mice, neoantigens are only now re-
gaining attention as components of anticancer vaccines. A viral origin of malignancies has
also been well documented. It turned out that such viral-induced malignant cells express
viral antigens exclusively. Oncogenic viral antigens, thus, became of interest for anticancer
immunotherapy. To summarize, there is a bright outlook regarding utilizing antigens,
which will provide a strictly specific antitumor immune response, without concerns about
central tolerance or, from the other side, autoimmune responses.

In the present review, we discuss prospective tumor antigens, specifically tumor-
specific and immune-privileged antigens, that are worth using as anticancer vaccine com-
ponents. Regarding the upcoming era of a personalized approach in medicine, a hypothetic
pipeline of how to choose antigens for individual cancer treatment or preventive vaccina-
tion is also discussed.

2. Tumor-Specific Antigens

Tumor-specific antigens include antigens arisen from non-synonymous somatic muta-
tion or viral-integrated mutation in malignant cells, completely absent from normal cells.
Thus, based on (non)viral mutation etiology, TSAs can be subdivided into neoantigens and
oncoviral antigens, respectively. As TSAs are expressed only in malignant cells and are
foreign to the autologous immune system, the exposure of TSAs to it will induce a specific
antitumor immune response. When TSAs are synthesized in cancer cells through mutations,
they are exposed to the processing as other cellular proteins: being ubiquitinylated, they are
transported to cytoplasmic proteasomes where they undergo proteolytic cleavage to 8–11
amino acid sequences (Figure 1). Thereafter, these peptides, called epitopes, are transported
from cytosol to endoplasmic reticulum via transporter associated with antigen process-
ing (TAP) complex, where nascent major histocompatibility complex (MHC) molecules
are waiting to form an epitope-MHC complex. These complexes are then delivered via
secretory vesicles to the tumor cell surface. This is a classical way of cells, including tumor
cells, to “say” to cytotoxic T cells which proteins do they express. Furthermore, TSAs are
released extracellularly after necrosis (Figure 1). Antigen-presenting cells (APCs) uptake
and process these exogenous proteins in MHC class I and II pathways, presenting them to
T cells to trigger CD8+ and CD4+ T-cell immune response. After activation, T cells mediate
TSA-specific immune response, including cytotoxic response [1]. Moreover, TSAs have a
higher affinity to MHC molecules and T cell receptors (TCRs) than TAAs [2]. Unlike TAAs,
TSAs only presented in malignant cells but completely absent from normal cells. This
feature endows TSAs a strong capability to induce a robust and specific antitumor immune
response without prompting central immunological tolerance, providing a bright future
for anticancer vaccine development. Currently, remarkable results have been achieved by
applying TSA-based cancer vaccines in preclinical and clinical trials, with more specific,
more effective, and less toxic potentials. Therefore, the search for TSAs with stronger
immunogenicity has become a key and urgent issue in cancer vaccine development.
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degradation, including similar steps (L). Finally, formed MHC-epitope complexes are transported to dendritic cells’ cell 
surface for further cross-presentation and activation of naive T cells (M). 
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Figure 1. Processing and cross-presentation of tumor-specific antigens. Tumor-specific antigens (TSAs) are ubiquitinylated
(A), transported to proteasomes (B), and further processed to 8–11 amino acid epitopes (C). After this, epitopes are loaded
to MHC molecules interacting with TAP, tapasin, ERp57, and calreticulin (D). If the bound epitope’s affinity is high and
the resulting complex is stable, the MHC–epitope complex will be transported through the Golgi apparatus (E) and to
the cell surface for further recognition by T cells (F). If tumor cell disintegration happened, e.g., during necrosis, TSAs
could be released into the extracellular environment (G), where they will be recognized and internalized via phagocytosis,
pinocytosis, or receptor-mediated endocytosis by dendritic cells (H). Engulfed TSAs are cleaved by proteases within the
endocytic compartment (primarily by cathepsins) (I) and further loaded into MHC molecules that are recruited either from
the plasma membrane or from the endoplasmic reticulum (J). The alternative way of TSA processing in dendritic cells
is similar to tumor cells and starts with TSA release from endosomes into the cytosol (K) with subsequent proteasomal
degradation, including similar steps (L). Finally, formed MHC-epitope complexes are transported to dendritic cells’ cell
surface for further cross-presentation and activation of naive T cells (M).

2.1. Neoantigens

During the process of initiation and prognosis of cancers, thousands of different
genetic mutations, including single-nucleotide substitution, reading frame shift, alternative
splicing, gene fusion, and other mutagenetic processes, happen in cancer cells [3]. Among
these mutations, most of them do not affect tumor progression, known as passenger
mutations. However, a small proportion of mutations contribute to tumorigenesis and
malignization, known as driver mutations [4]. Theoretically, no matter passenger or
driver mutations, they can alter the amino acid sequence, generating foreign proteins
expressing in malignant but not in normal cells, collectively regarded as non-synonymous
mutations [5]. Neoantigens, as a result of non-synonymous mutations, are exclusively
expressed by tumor cells [2,6]. The first observation of neoantigen was made by Boon
et al. in the 1980s [7,8]. They found that mutagen-treated murine P815 tumor cells produce
tum- mutations that are rejected by syngeneic mice because these variants express new
surface antigens. These “tum- antigens” were recognized by cytotoxic T lymphocytes
(CTLs) but induced no detectable humoral response. Further, it has been identified that
somatic mutations in cancers result in a source of neoantigens recognized by T cells in the
human immune system [9–11].

Unlike TAAs, neoantigens exhibit a higher affinity toward MHC molecules due to
their “non-self” feature and are more likely to be recognized by T cells [12]. The more con-
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siderable difference between the mutant amino acid sequence from the original sequence,
the more substantial “non-self” characteristic and higher affinity to MHC molecules the
neoantigens will have [13,14]. Furthermore, TCRs typically bind to neoantigens with
higher affinity, and more robust T cell-mediated antitumor elimination will be induced
when tumors express higher amounts of neoantigens [15,16]. The number of mutations
in cancers mainly refers to TMB. Tumors with higher TMB are more likely to generate
neoantigens and activate the immune system to recognize and attack tumors [17]. However,
by analyzing T cells derived from tumor-infiltrating lymphocytes (TIL) or peripheral blood,
data have shown that only 1.2% of screened neoantigens were spontaneously recognized
by the host with melanoma, gastrointestinal, lung, and ovarian carcinomas, indicating that
the frequency of neoantigens which can evoke an immune response is relatively low [18].
Thus, to achieve an effective immune-mediated tumor elimination, the search for efficient
neoantigens is a principal basis in neoantigen-based cancer vaccine design.

2.1.1. Sequencing and Prediction of Neoantigens

For neoantigens identification and application for cancer vaccines, several methods
have been developed to distinguish neoantigens from normally expressed proteins in
cancer patients. However, previous traditional cloning methods cannot meet the accuracy
criteria for constructing a neoantigen-based cancer vaccine. In addition to this, inconvenient
antigen processing procedure, significant consumption in time and money also contributes
to the obstacle to developing neoantigens as a tumor vaccine. Thanks to the rapid pro-
gression of high-throughput sequencing technology, including whole-genome sequencing
(WGS) and whole-exome sequencing (WES), neoantigen-based cancer vaccines have been
more approachable for cancer patients, with higher accuracy, greater convenience, and
lower cost [19]. In addition, it has been reported that WES, coupled with RNA-seq, may
contribute to neoantigen prediction success. Simultaneous utilization of RNA-seq reveals
information on gene expression level, allowing to predict which genes are more likely to
be translated into proteins. Furthermore, RNA-seq can reveal other types of neoantigen
sources, such as gene fusion, alternative splicing isoforms, and RNA editing events, that
WES cannot [20,21]. Currently, for the identification and establishment of neoantigens
in tumors, typically the following major steps are undertaken: (1) tumor biopsy sample
and corresponding normal tissues obtainment; (2) whole-genome or -exome sequencing
and analysis of mutated genes and abnormal proteins by comparison with normal tissues;
(3) bioinformatic algorithms for predicting the most promising antigenic mutated protein;
(4) verification of neoantigens via immunological analyses (Figure 2) [22–24].
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Figure 2. Framework for sequencing and prediction of neoantigens. 1. Biopsy is performed in cancer patients for tumor
tissues and corresponding normal tissue. 2. Whole-genome sequencing (WGS)/whole-exome sequencing (WES) is carried
out on tumor tissues and normal tissues to verify the somatic mutations expressed in tumor cells. 3. Bioinformatic
algorithms are conducted to predict the MHC binding affinity of neoantigens, and the most attractive neoantigens for
immune targeting are prioritized as candidates. 4. In vitro and in vivo experiments are used to validate the potential role of
selected neoantigens. 5. Final vaccine preparation according to the selection of neoantigens. The figure was produced with
the assistance of Servier Medical Art (https://smart.servier.com).
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Summarizing, whether mutated proteins/peptides can be recognized by the immune
system and induce a robust and specific immune response mainly depends on the fol-
lowing factors: (1) mutated genes can be translated into proteins; (2) mutated proteins
endowed antigenicity without eliciting immunological tolerance; (3) mutated proteins
efficiently processed and presented by APCs; (4) high affinity of mutated peptides to
MHC molecules; (5) mutated peptide-MHC complexes can be recognized by effector im-
mune cells, mainly by T cells (high affinity to TCRs). Therefore, in the whole procedure
of neoantigens searching, not only identification of neoantigens from sequencing results
matters, but also affinity testing between neoantigens and MHC molecules and TCR is
critical. Currently, the genomics-based approach is the most promising strategy and the
gold standard in neoantigens affinity prediction. Numbers of online software, depending
on the genomics-based approach and bioinformatics pipelines, are available for the predic-
tion and identification of neoantigens [25–29]. For instance, the application developed by
Schenck et al. named “neoantigen prediction pipeline (NeoPredPipe)” can summarize the
information on predicted neoantigens burden, heterogeneity, immune stimulation poten-
tial, and, optionally, patient HLA haplotypes [29]. With these “smart” tools, neoantigens
filtered from high-throughput sequencing can be used for predicting the capability of being
presented on the APCs’ surface by MHC molecules and recognized by TCRs. However,
this makes the genomics-based approach an imperfect strategy because it requires direct
experimental evidence of predicted epitopes’ presence on the APCs’ surface in the MHC
complex. Another strategy named the mass spectrometry-based approach can make up for
this defect by obtaining these insufficient data via affinity chromatography [30,31]. Further-
more, structure-based approaches and neoantigen peptide databases are also unignorable
supplementary methods in neoantigen prediction [20].

2.1.2. Neoantigen Administration Strategies

There are three major platforms of personalized neoantigen-based cancer vaccines:
synthetic peptide vaccines, dendritic cell (DC) vaccines, and DNA/RNA vaccines [32].
For vaccine manufacturing, stable storage, and reasonable cost, synthetic peptide vaccines
are an ideal choice for neoantigen-based vaccines. When compared to short 8–10 amino
acid peptides, which is the minimal size of peptides required to induce the activation
of CD8+ T cells, long 15–31 amino acids peptides are more perspective in overcoming
potential CTL tolerance, the involvement of Th responses, and prolongation of antigen cross-
presentation [33]. A personalized neoantigen vaccine based on long synthetic peptides has
already been applied in a clinical trial in melanoma patients [34].

With the rapid development and improvement of ex vivo DC culturing technologies,
neoantigen-loaded DC-based vaccines have become more feasible and approachable. Vac-
cination of melanoma patients with DCs loaded with neoantigens has been performed [35].
In this study, exome sequencing was performed to identify somatic mutations in tumor
samples, and then these mutation candidates were filtered through in silico analysis to
assess the binding affinity of HLA and peptide. Seven candidate peptides were chosen
and used to load DCs. After receiving the DC-based neoantigen-specific vaccine, the
neoantigen-specific T-cell immune response was triggered in melanoma patients, and no
severe autoimmune adverse events were observed. Same promising results were achieved
in ovarian cancer patients by intranodal injection of neopeptide-loaded DC vaccine [36].
Interestingly, a recent study published by Zhang et al. demonstrated that a personal-
ized neoantigen-pulsed DC vaccine has superior immunogenicity to neoantigen-adjuvant
vaccine in murine tumor models [37].

The DNA/RNA vaccine stands out for only a small amount of tumor tissue required
for amplification when preparing vaccines. Previous preclinical research utilizing a DNA
vaccine to target tumor neoantigens showed that, when delivered to patients by potent
electroporation-mediated DNA delivery, DNA-based neoantigen vaccines triggered a
therapeutic antitumor response in vivo, and neoantigen-specific T cells expanded from im-
munized mice directly attacked tumor cells ex vivo [38]. However, compared with the RNA
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vaccine, a DNA vaccine puts patients at risk of DNA integration into the host cell genome.
The concept of RNA-based neoepitope vaccine was firstly introduced by Sahin et al. [39].
After administering RNA-based neoepitope vaccines, patients with melanoma developed
vaccine-induced T cell expansion and infiltration and neoepitope-specific killing of au-
tologous tumor cells. To improve the RNA-based approach, a lipoplex-formulated RNA
(RNA-LPX) vaccine, which encodes CD4+ T cell-recognized neoantigens, has been devel-
oped and tested in preclinical studies [40]. As compared with the radiotherapy control
group, this RNA vaccine displayed a higher capability to activate more neoantigen-specific
CD8+ T cells with lower PD-1/LAG-3 expression and a higher proportion of neoantigen-
specific IFNγ+ CD4+ T cells, leading to a temporary complete remission of tumors and
prolonged survival of all mice.

Recently, increasing attention has been attracted by nanovaccines due to their unique
properties in cancer immunotherapy. Nanovaccines exhibit superior potentials in vaccine
design and facilitation by efficient delivery to secondary lymphoid organs such as spleen
and lymph nodes, high penetration of tissue barriers, tailor-designed codelivery of anti-
gen and adjuvant, tunable intracellular vaccine release, and antigen cross-presentation
in APCs [41]. Biomimetic glyconanoparticles with N-glycolylneuraminic acid, a dietary
non-human immunogenic carbohydrate that accumulates on human cancer cells as a
nanovaccine, have been developed and applied in mice preclinically [42]. A robust and
persistent immune response was attained using this nanovaccine, resulting in inhibition
of tumor growth in vivo. In the same year, a virus-like particle nano-vaccine based on
a combination of CGA and mutated epitopes has been developed, revealing a promis-
ing therapeutic anticancer response [43]. Although some preclinical investigations have
demonstrated the effect of nanovaccines in tumor elimination, further clinical trials are
required to examine its function and efficacy, as well as biosafety.

2.1.3. Clinical Progress

Application of neoantigen-based cancer vaccines in murine tumor models, including
melanoma [44–46], glioma [47,48], pancreatic carcinoma [49], and esophageal squamous
cell carcinoma [50], has shown their potential in clinical translation. With encouraging
results from preclinical research, the assessment of neoantigen-based cancer vaccines in
clinical trials has been boosted significantly in recent years. The first and most frequently
targeted cancer type in neoantigen-based cancer vaccine clinical trials is melanoma. The
initial report of a phase I neoantigen-based cancer vaccine clinical trial was released by
Carreno et al. (NCT00683670) [35]. Seven neoantigens with high affinity to HLA-A*02:01
in human melanoma were sequenced and confirmed by mass spectrometry. An increased
neoantigen-specific TCR repertoire in terms of both TCR-β usage and clonal composition
was observed after vaccination. Later, the other two reports confirmed the great potential
of a neoantigen-based cancer vaccine in struggling against melanoma (NCT01970358,
NCT02035956). In the study by Ott et al., up to 20 long peptides, identified by WES
data and predicted by computational algorithms, were synthesized and mixed with the
Toll-like receptor 3 and melanoma differentiation-associated protein 5 agonist poly-ICLC
and were used as a neoantigen-based vaccine formulation for melanoma patients [34].
Vaccination induced strong multifunctional neoantigen-specific CD4+ and CD8+ T-cell
responses in melanoma patients after surgical resection. Four of six vaccinated patients had
no recurrence during a median follow-up of 25 months. The other two patients with disease
recurrence were subsequently treated with the anti-PD-1 antibody pembrolizumab and
achieved complete responses. Unlike Ott et al., Sahin et al. developed an individualized
RNA-based polyneoepitope cancer vaccine for thirteen patients with stage III and IV
melanoma [39]. Ten selected mutations per patient were engineered into two synthetic
RNAs, each encoding five linker-connected 27 mer peptides with the mutation. After
vaccination with a maximum of 20 neoepitope vaccine doses, all patients tolerated it well
without related serious adverse events. Eight patients without radiologically detectable
lesions at the start of vaccination developed a robust immune response and remained
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recurrence-free during the 12–23 months follow-up period, while the other five patients
went through melanoma relapses shortly. However, one out of five patients with recurrence
achieved a complete response in combination with PD-1 blockade. Interestingly, it has been
revealed in both studies that not only pre-existing weak responses against neoantigens
were augmented, but also de novo responses were generated upon neoantigen-based
vaccination. Moreover, both studies showed that neoantigen-based vaccines contribute
to an expansion of the neoantigen-specific T cells repertoire, providing a strong rationale
for the development of the neoantigen-based vaccine in clinical treatment. Although the
small scale of patients in these two studies cannot fully guarantee the real efficacy of the
neoantigen-based vaccine, it is not doubted that they will serve as a promising milestone
and inspiring tendency for further investigation.

Glioblastoma is known as a “cold” tumor due to the immunosuppressive tumor mi-
croenvironment (TME) and low mutation rate in general. However, two recent clinical trials
demonstrated a neoantigen-based cancer vaccine’s curing potential in glioblastoma treat-
ment [51,52]. Keskin et al. manufactured vaccines that contained up to 20 long peptides
admixed with poly-ICLC and administered them to immunize eight glioblastoma pa-
tients following surgical resection or conventional radiotherapy in a prime-boost schedule
(NCT02287428) [51]. Patients responded well to personalized vaccines with a 7.6-month me-
dian progression-free survival and a 16.8-month overall survival, and treatment side effects
were limited to grade 1–2 events. Circulating neoantigen-specific T-cells were observed in
patients after vaccination. Furthermore, elevated CD4+ and CD8+ T lymphocyte infiltration
were evident in patients with circulating neoantigen-specific T cells. Besides, an impressive
result was found, as well as in their melanoma trial [34], that robust CD4+ T-cell response
against immunized neoantigens that was even higher than CD8+ T-cell response was de-
tected, despite the use of MHC class I binding prediction algorithms. Further optimization
of algorithms may help to clarify these results as well as to enhance immunogenicity. In
another work published by Hilf et al., a personalized vaccine for glioblastoma patients was
designed using TAA and neoantigens as targets [52]. Fifteen patients with glioblastoma
were treated with a vaccine (APVAC1), constructed from nine selected HLA-restricted
non-mutated TAA peptides and one HLA class I viral marker peptide. Subsequently,
11 out of 15 patients after APVAC1 vaccination received APVAC2 composition, consists of
14 mutated and six unmutated synthetic peptides (NCT02149225). Median overall survival
of 29.0 months and a median progression-free survival of 14.2 months were achieved
among these patients, with mild adverse events in all patients. One patient experienced
an overall survival of more than 38.9 months, with a favorable immune response pattern
of CD8+ T and Th cell response to APVAC2 neoepitopes. These two trials revealed that
neoantigen-based vaccines are feasible in glioblastoma treatment, even though low TMB
and immune-suppressive TME frequently occurs in this type of cancer.

Two ongoing clinical trials of a neoantigen-based vaccine against triple-negative breast
cancer (TNBC) were reported by Li et al. (NCT02427581, NCT02348320) [32]. Patients
with TNBC who did not achieve a complete response after neoadjuvant chemotherapy
were included in these two trials. In one of them (NCT02427581), neoantigen vaccines
were designed in synthetic long peptide form admixed with poly-ICLC. In the second
trial (NCT02348320), the neoantigen polyepitope DNA vaccine was manufactured and
administered to patients by electroporation. During these trials, the efficacy and safety of
the personalized neoantigen vaccine will be assessed. Neoantigen-specific T-cell response
will be detected during pre- and post-vaccination periods. Furthermore, an increasing
number of clinical trials to assess neoantigen-based vaccines in various types of cancers
are underway (Table 1). Summarizing, although the number of clinical trials concerning
neoantigen-based vaccines is limited, neoantigen cancer vaccines showed promising effec-
tiveness in triggering neoantigen-specific T-cell response among cancer patients, as well as
promoting clinical remission.
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Table 1. Clinical trials of neoantigen-encoded cancer vaccines.

Type of In-
tervention Phase Status as of

October 2020 Disease Starting Date Trial ID

Peptides I Recruiting Pancrease
carcinoma April 2018 NCT03558945

Peptides I Recruiting NSCLC May 2020 NCT04487093

Peptides I Not yet
recruiting Melanoma September 2020 NCT03929029

Peptides I Recruiting NSCLC May 2020 NCT04397926

Peptides II Recruiting Breast carcinoma December 2018 NCT03606967

Peptides I Recruiting Renal carcinoma March 2019 NCT02950766

Peptides I Recruiting Urothelial
carcinoma May 2019 NCT03359239

Peptides I Not yet
recruiting

Lymphocytic
leukemia September 2020 NCT03219450

DC I Recruiting Hepatocellular
carcinoma October 2018 NCT03674073

DC I/II Active Colorectal
carcinoma October 2010 NCT01885702

DC I Recruiting NSCLC August 2019 NCT04078269

DC I/II Unknown Biliary tract
carcinoma September 2015 NCT02632019

DNA I Recruiting Breast carcinoma August 2019 NCT03199040

DNA I Active Pancrease
carcinoma January 2018 NCT03122106

DNA II Not yet
recruiting NSCLC January 2021 NCT04397003

DNA I Recruiting Glioblastoma July 2020 NCT04015700

RNA I/II Terminated Solid tumors May 2018 NCT03480152

RNA N/A Not yet
recruiting

Esophageal
carcinoma, NSCLC May 2019 NCT03908671

RNA N/A Recruiting Solid tumors May 2018 NCT03468244
N/A—not applicable; NSCLC—non-small-cell lung carcinoma.

2.1.4. Combination with Other Therapies

Although personalized neoantigen-specific vaccines trigger a T-cell response against
malignant cells, immune evasion is inevitable due to multiple immune escape mechanisms
possessed by tumor cells. Previous research discovered that in murine models, after receiv-
ing neoantigen-based vaccination, a vast majority of specific TILs co-expressed PD-1 and
TIM-3 molecules, which are inhibitory receptors associated with immune suppression [53].
High levels of inhibitory receptor expression on T cells induced by neoantigen-based
vaccines accelerate T cells’ exhaustion and dysfunction, resulting in a weaker immune
response against tumors. It is known from available clinical trial data that the objective
response rates (ORRs) to immune checkpoint blockade (ICB) correlate positively with
somatic mutation frequency in tumors [2]. Patients bearing tumors with high TMB, like
melanoma and non-small-cell lung carcinoma (NSCLC), had higher ORRs to PD-1 and
PD-L1 inhibition, whereas patients bearing tumors with lower TMB, such as Ewing sar-
coma and prostate carcinoma, demonstrated fewer responses to ICB treatment. These
data strongly support the approach of neoantigen-based vaccination combination with
ICB therapy. Furthermore, a recent study reported that neoantigens could induce T-cell
immunoreactivity and sensitivity to ICB, underlying the reason tumors with high TMB
respond well to ICB [54]. In the report by Ott et al. mentioned above, where two out of
six melanoma patients were still suffered poor therapeutic effects after vaccination with
synthetic neoantigen peptides, their complete anticancer responses were observed after
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treatment with the PD-1 blockade [34]. Similar effects were also evident by Sahin et al. [39].
Their results highlight the value of neoantigen-based vaccines in combination with ICB
in cancer clinical trials. Additionally, a phase Ib trial report released recently by Ott et al.
strengthens the prospects of combining neoantigen-based vaccines and ICB in cancer treat-
ment (NCT02897765). They applied a neoantigen-based vaccine consists of up to 20 unique
peptides and mixed it with the adjuvant poly-ICLC for administration into patients with un-
resectable or metastatic melanoma, smoking-associated NSCLC, and urothelial carcinoma
of the bladder. Patients were treated with nivolumab for 12 weeks in advance while the
vaccines were generated. After five priming and two booster vaccinations with continuous
nivolumab administration, of the 60 patients, the ORRs were 59%, 39%, and 27%, whereas
the RCRs were 15%, 17%, and 7% for melanoma, NSCLC, and bladder carcinoma patients,
respectively. The median PFS among vaccinated patients was 23.5 months, 8.5 months, and
5.8 months, respectively. These data showed that a personalized neoantigen-based vaccine,
when co-administered with anti-PD-1 therapy, is practicable in various solid tumor types.
Moreover, neoantigen-based vaccine, in combination with anti-PD-1, generated cytotoxic
T cells that can reach metastatic tumors and induce epitopes spreading, expanding the
repertoire of T-cell response against tumor neoantigens. Summarizing the results above, a
strong rationale that neoantigen-based vaccine, in combination with ICB, could augment
the response rates and durability of responses over the monotherapy was achieved.

The strategy of neoantigen-based vaccines combined with traditional cancer thera-
pies, such as chemotherapy and radiotherapy, still cannot be neglected for its enhancing
therapeutic effect in cancer patients. When applying chemotherapy or radiotherapy for
cancer treatment, enhanced antigens release from tumor cells was evident, enabling their
recognition by APCs and T cells for a more active immune response [55]. Certain tumors
with low TMB express a low number of neoantigens and possess low neoantigen-specific
immunoreactivity, therefore being an unsuitable target for neoantigen-based vaccines.
Nonetheless, it is possible to overcome this problem by combining neoantigen-based vac-
cines with chemotherapy or radiotherapy. Increasing evidence showed that conventional
therapy augments the antigenicity and immunogenicity by altering the neoantigen reper-
toire, increasing neoantigens generation and expression, and activating T cell trafficking
and reactivity [56,57]. Some ongoing phase I clinical trials concerning neoantigen-based
vaccines combined with chemotherapy is established to explore the efficacy and safety
of cancer treatment. For instance, a pilot study reported by Bachireddy et al. aimed at
exploring the effectiveness of the neoantigen-based vaccine in combination with low-dose
cyclophosphamide being administered in a priming and booster phase in lymphocytic
leukemia patients (NCT03219450). However, more studies are urgently needed to discuss
the potency of neoantigen-based vaccines combined with conventional therapy strategies
in cancer treatment.

2.2. Viral Antigens

It has been reported that almost 15% of human cancers are caused by viral infec-
tion [58]. Experimental evidence and epidemiological data revealed that human viruses
critically participate in malignant disease occurrence and development. There are three
major kinds of tumor-associated viruses: retroviruses, non-retroviral RNA viruses, and
DNA viruses. The mechanisms of viral-mediated carcinogenesis vary significantly among
different types of viruses. For instance, some retroviruses transduce viral oncogenes in
host cells or integrate viral genes in the vicinity of cellular proto-oncogenes, resulting in
cellular transformation and stimulation of cell proliferation directly [59]. On the other
hand, chronic inflammation, alteration of the immune response, accumulation of muta-
tions, or chromosomal alteration in infected cells constitutes the indirect mechanisms of
viral-mediated carcinogenesis. During the initiation and progression of viral-associated
cancers, some viral oncoproteins are expressed continuously in virus-infected cancers or
precancerous lesions, but not in normal healthy tissues [2]. The recent rapid development
of next-generation sequencing technologies and integrated expression profiling analyses
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contributes to identifying viral antigens in viral-related cancers. Being TSAs that absent in
normal cells, viral antigens are endowed with a powerful capability to induce cellular im-
mune response mediated by CD4+ and CD8+ T lymphocytes to eliminate virus-associated
tumor cells [60]. Moreover, humoral immunity against targeted viral antigens will also be
trigger after stimulation, leading to antibody production and neutralization of antigens,
which is the basic concept of prophylactic vaccine development. Thus, further exploration
of viral antigens will provide prospective candidates for cancer antigens selection in cancer
vaccine development. Hereby, several suitable viral antigens and their specific target cancer
types are discussed below.

2.2.1. Human Papillomavirus and Cervical Carcinoma

Human papillomaviruses (HPVs) are small DNA viruses that in humans mainly
infect epithelial tissues and mucosa [61]. Currently, more than 200 different HPVs have
been discovered [62]. Among these HPVs, the high-risk types, such as HPV 16, 18, 31,
33, etc., are identified, and infection with them is known to correlate with a high chance
of squamous lesions and progression of cervical and other anogenital carcinomas [63].
Noteworthy, up to 70% of oropharyngeal carcinomas harbor the DNA of HPVs [64]. The
genome of HPVs is presented by circular double-stranded DNA, which is approximately
eight kbp. It can be divided into long control region (LCR), early region (E), and late region
(L) by their biological functions [65]. The LCR comprises almost 10% of HPVs genome;
E encodes six to eight poly-function proteins; L encodes two structural proteins. Among
all these genes, E6 and E7 are distinguished for their constant expression in most cervical
cancers and cellular pro-transformation function. It has been well studied that E6 acts as an
oncoprotein by promoting the degradation of the tumor suppressor p53, while E7 fulfills its
oncogenic ability via binding to the retinoblastoma susceptibility protein (pRb) and causing
its degradation [66,67]. Being TSAs, E6 and E7 can trigger a robust tumor-specific immune
response [68,69]. Furthermore, the infiltration of CD8+ T cells specific to E6 and E7 proteins
was evident in the spontaneous regression of cervical intraepithelial neoplasia (CIN) [70,71].
Thus, E6 and E7 have been recognized as prospective target proteins for developing HPV-
related cancer vaccines, especially for cervical cancer. Based on this strategy concept,
several E6- or E7-based cancer vaccines were investigated according to different platforms,
including bacterial vector, viral vector, DNA-, peptide-, and DC-based vaccines [72–76].
It has been shown that HPV 16 E5 induces cellular transformation in primary cells by
promoting the effects of E6 and E7 [77]. E5 also showed potential in regulating epidermal
growth factor receptor and platelet-derived growth factor receptor [78]. Roles of HPV 16
E5 in cervical carcinogenesis were summarized and revealed that HPV E5 oncoprotein
could serve as a new target for cervical cancer treatment [79]. Furthermore, the application
of HPV 16 E5 peptide in cancer vaccine formulation was efficient against cervical cancer
in vitro and in vivo. Results showed that robust cellular immunity was activated after
vaccination, and mice were protected from tumor growth [80]. Summarizing, oncoproteins
E5, E6, E7 derived from HPVs are the most applied targets for HPV-related tumors and
have been frequently employed in cancer vaccines with promising outcomes.

2.2.2. Hepatitis Viruses and Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is one of the most frequent and malignant diseases
worldwide. Infection with hepatitis virus type B (HBV) or hepatitis virus type C (HCV) has
been proven to correlate directly with HCC onset. HBV is a double-strand DNA virus with
a genome of approximately 3.2 kbp, which harbor four overlapping reading frames [81].
There are three primary mechanisms by which HBV induces carcinogenesis: (1) HBV
proteins are involved in cellular signing pathway; (2) integration of HBV DNA into the host
genome; (3) virus-medicated chronic inflammation [82]. In the first two mechanisms, HBV-
related oncoproteins are generated and participated in the tumorigenesis, which could be
used as targets for immune cells’ recognition. The most well-identified oncoprotein HBV X
(HBx), encoded by the X gene, has been demonstrated to be involved in signaling pathways,
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like MAPK and JNK, to promote proliferation and interfere with DNA repair mechanisms,
contributing to a malignant phenotype eventually [83–85]. Based on HBx oncoprotein,
several vaccines against HBV-related HCC were explored for the therapeutic efficacy
against HCC in vivo and in vitro. Ding et al. inserted multiple HBx epitopes into HBV
core protein to form multiepitope peptide-loaded virus-like particles (VLPs). HBx-specific
CTL immune response was triggered, and a positive antitumor effect in mice was observed
after vaccination with VLP-pulsed DCs [86]. A novel recombinant Listeria monocytogenes
(LM)-based vaccine containing HBx epitope fragments for HCC treatment was reported by
Chen et al. [87]. T-cell proliferation and enhanced supernatant level of interferon-γ in vitro
were detected following vaccination. Moreover, interferon-γ-producing CD8+ T cells as
well as in vivo cytolytic activity were significantly increased. These results revealed that
HBx could be a prospective target antigen in establishing an HBV-related cancer vaccine.

HCV harbors a single strand RNA of approximately 9.6 kbp and encodes a poly-
protein precursor, from which smaller structural and nonstructural proteins are generated
by cleavage [58]. Three molecules, namely HCV core, NS3, and NS5A, even though they
have not been proved to be direct oncogenes during HCV-related carcinogenesis, exhibit
transformation potential and take part in cell signing pathway, including transcription,
proliferation, and apoptosis, indicating their potential cancer vaccine components [88–90].
It has been reported that a multi-peptide cocktail vaccine containing both HCV NS3 and
core epitopes, in combination with metronomic chemotherapy, was applied to struggle
against HCV-related HCC [91]. An overall increase in IFN-γ and IL-4 producing CD8+ T
cells in mice was evident when treated with daily metronomic chemotherapy and multi-
peptide vaccine. The further multiparametric analysis confirmed an enhanced antigen-
specific immune response and Treg depletion triggered by HCV epitope-based vaccine
if administered with daily metronomic chemotherapy. Nevertheless, more studies about
HCV-related epitope-based vaccines in cancer treatment are required to prove their efficacy.

2.2.3. Epstein–Barr Virus and Nasopharyngeal Carcinoma

Epstein–Barr virus (EBV) is an oncogenic γ herpesvirus which infection rate over 90%
of the adult population worldwide [92]. EBV is commonly transmitted via contact with
respiratory secretions and then enters into the upper respiratory tract’s reticuloendothelial
cells. However, B lymphocytes are the primary target cells of EBV after virus dissemination
throughout the host body. EBV has been associated with nasopharyngeal carcinoma (NPC),
Burkitt lymphoma (BL), and Hodgkin lymphoma (HL). Notably, almost all NPC cases are
EBV-associated, and the infections are predominantly in the latent phase [93]. EBV, with
an approximately 180 kbp genome, harbors more than 90 genes. The most well-identified
genes are latent membrane proteins (LMPs) and EBV nuclear antigen 1 (EBNA1), for their
pivotal roles in carcinogenesis. Thus, targeting of these two oncoproteins by vaccines is
aimed to struggle against EBV-related tumors. In 2003, a preclinical study described a
recombinant poxvirus vaccine that encodes LMP1 epitopes [94]. This polyepitope vaccine
consistently generated a strong LMP1-specific CTL response and successfully reversed the
outgrowth of LMP1-expressing tumors in mice. A recombinant adeno-associated virus,
carrying a fusion gene containing EBV LMP1 and LMP2 CTL epitopes and heat shock
protein as an adjuvant, has been investigated as a potential vaccine for NPC treatment [95].
After vaccination, mice exhibited a tumor elimination trend and achieved extended survival
time. LMP1/2-specific CTL responses, as well as humoral immune response, were induced
to decelerate tumor growth. Another recombinant vaccine named MVA-EL, which is
modified vaccinia Ankara virus, encoding CD4 epitopes of EBNA1 and full-length LMP2
was developed [96]. After stimulation of DCs with this vaccine, EBNA1 and LMP2 were
processed via HLA class I and class II pathways and presented to T cells, resulting in
an expansion of T lymphocytes, especially T memory cells. A similar strategy was also
performed in another study, where the vaccine represented a fusion protein incorporating
random overlapping peptides from EBNA1, LMP1, and LMP2, which was then inserted
into a replication-deficient strain of adenovirus [97]. After stimulation with this vaccine,
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activation and expansion of EBNA1- and LMP-specific CTL responses were observed in
healthy donors and NPC patients, revealing the potential role of EBNA1- and LMP-based
vaccine in NPC treatment.

2.2.4. Clinical Advance of Viral Antigen-Based Cancer Vaccines

Prophylactic viral vaccines, such as HPV vaccine and HBV vaccine, are clinically
available at an approachable cost, preventing individuals from getting viral infections and
further virus-related carcinogenesis. However, prophylactic HPV vaccines aim to induce
immunity against structural viral antigens. For instance, current prophylactic HPV vaccines
mainly aim to induce immunity against L1 capsid protein and provide limited therapeutic
benefit due to L1 protein eventually being expressed only in granular epithelium just prior
to viral shedding [98,99]. By contrast, the current HPV virus-associated cancer vaccine,
as a therapeutic vaccine applied in clinical trials, eradicate cancer or precancerous lesions
mainly via E6- and E7-specific immune response. Since in the present review we are
focusing on antigens that are (aberrantly) expressed in cancer cells, prophylactic vaccines
against viruses will not be further emphasized. Although vaccines for preventing viral
infections are considered prophylactic for cancer diseases in viral-induced cancers, vaccines
containing viral antigens that start to express in malignant cells can also be applied as
prophylactic agents for preventing relapse after tumor resection. Moreover, in this case,
it is not necessary to focus only on viral antigens. However, despite different purposes,
prophylactic or therapeutic, the composition of such vaccines will be the same since they
are aimed to induce immunity against malignant cells expressing known antigens of the
known tumor, resected or not. Previous preclinical studies already revealed the potential
capability of viral antigen-based cancer vaccines in cancer treatment. Thus, to have a clear
understanding of viral antigen-based cancer vaccines’ performance in clinical trials, several
existing data are summarized in Table S1.

Viral antigen-based cancer vaccines against cervical cancer mainly target HPV 16
E6/E7 molecules. Two trials reported by Welters et al. and Maciag et al. showed that
HPV 16 E6/E7 targeting vaccines were applied in six and fifteen patients with cervical
carcinoma and achieved 13 and 11.6 months OS periods, respectively [100,101]. Welter et al.
developed a peptide vaccine that triggers a specific T-cell immune response in all patients,
with no serious adverse events. In contrast, the specific T-cell immunity was observed
in 1 out of 3 patients in Maciag’s trial by applying Listeria monocytogenes vaccine for
cancer treatment, with six grade 3 adverse events occurred among patients. However,
seven patients achieved stable disease status while one patient fulfilled a partial response
after vaccination in Maciag’s trial. Furthermore, apart from cervical cancer, HPV antigen-
based vaccines were also employed in other cancer types. Aggarwal et al. utilized a DNA
vaccine encoding HPV 16/18 E6/E7 to struggle against head and neck squamous cell
cancer (HNSCC) [102]. This DNA vaccine induced HPV antigen-specific T-cell response in
eight out of 21 patients and benefitted HNSCC patients with a 15.9 month OS time, with
only mild adverse events.

Besides, EBV antigens are frequently utilized in cancer vaccines developed for NPC
specifically, which is usually associated with EBV infections and begin to express EBV
antigens during carcinogenesis. In 2002, the first EBV antigen-based vaccine targeting
LMP2 for NPC treatment was investigated by Lin et al. [103]. By stimulating DCs with
LMP2 peptides, this DC vaccine was administrated into sixteen NPC patients and bolster a
peptides-specific immune response in nine patients. Two patients experienced a partial
response and showed a typically strong immunological response to vaccination. A sub-
sequent phase II clinical trial reported by Chia et al. further confirmed the therapeutic
capability of EBV antigen targeting vaccine for NPC therapy [104]. Among eight patients
who received a vaccination, two showed stable disease status, and one achieved partial clin-
ical response, whereas only one grade 3 case of adverse event was reported, demonstrating
its therapeutic potential and safety. Regrettably, no specific T-lymphocytic response was
detected in these patients. Furthermore, a therapeutic NPC vaccine comprising a recombi-



Vaccines 2021, 9, 85 13 of 30

nant vaccinia virus, MVA-EL, was designed to boost the immunity targeting EBV EBNA1,
LMP2 by two cooperating groups from Hong Kong and the United Kingdom [105,106].
Combined results suggested that specific EBNA1- or LMP2-T-cells immune activities were
detected in 23 out of 32 patients, and only one patient went through a grade 3 adverse
event. Interestingly, a dose-dependent immune response was observed by ELISpot assays
in the absence of dose-limiting toxicity. Taken together, EBV antigen-based vaccines were
showed to be safe and, to a certain extent, effective in NPC clinical treatment.

Although preclinical research has shown the possibility of applying hepatitis virus
antigens in the development of HCC vaccines, the employment of hepatitis virus antigen-
associated vaccine was rarely reported in clinical trials, mainly due to the high mutation
rates in HBV and HCV. One available phase II clinical trial reported by Yutani et al.
showed a peptide vaccine consisting of a single HCV-derived peptide of a core protein and
31 peptides derived from 15 different TAAs, targeting HCV-positive advanced HCC [107].
This vaccine elicited a specific T-cell immune response in 19 out of 36 patients while
induced fourteen cases of grade 3 adverse events and one case of a grade 5 adverse event
among all patients. After vaccination, the median OS time of a total of forty-two patients
was 6.1 months. Noteworthy, when combined with sorafenib therapy, this therapeutic
cancer vaccine had no difference in OS compared with the vaccine alone. Therefore,
the selection of viral antigens without high mutations for utilization in cancer vaccine
formulations and making them more feasible for large-scale clinical trials are still future
challenges for viral antigen-based cancer vaccine development. Another challenge for
vaccine development is the choice of platform for antigen or antigen-encoding genetic
material delivery. As discussed earlier in the neoantigen section, mRNA vaccines look
promising with their positive attributes (induction of both humoral and cytotoxic immunity,
rapid manufacturing, safety, absence of vector-specific immunity) and recent advances in
RNA-based COVID-19 vaccines [108,109]. Thus, mRNA-based vaccines’ success may be
translated for the development of virus-associated antigen-encoding mRNA vaccines to
struggle with malignant diseases.

3. Tumor-Associated Antigens

Tumor-associated antigens (TAAs) are antigens that are overexpressed in malignant
cells but also presented in normal cells at a low level of expression. The aberrant expression
of TAAs in tumors usually results from genetic amplification or post-translational modifi-
cations [2]. There are three major types of TAAs: overexpressed antigens, differentiation
antigens, and CGAs. Overexpressed antigens are “self-proteins” moderately expressed in
most healthy tissues but abundantly in tumor tissues. As a typical and well-established
representative of overexpressed antigens, HER-2/neu is found to be expressed in most
normal epithelial cells and various tumor types, especially in breast carcinoma [110]. Other
TAAs are selectively expressed by the cell lineage from which malignant cells evolved.
These antigens were designated as differentiation antigens. One representative example,
prostate-specific antigen (PSA), has a highly restricted tissue distribution and is expressed
in normal epithelial cells of the prostate gland, as well as prostate carcinomas [111]. The
application of overexpressed and differentiation antigens in cancer vaccine development
has been well discussed and summarized before [112–114]. These two kinds of tumor
antigens are currently proved not to fit well in the landscape of cancer vaccines, with
high immunological tolerance and toxicity that threaten the efficacy and safety of cancer
vaccines for patients. Furthermore, current trends in cancer vaccine development are fo-
cusing more on personalized and accurate approaches. Therefore, overexpressed antigens
and differentiation antigens will not be emphasized in our review. As for the CGAs, they
stand aside among TAAs. Besides their nonspecific tumor expression, they have only been
found to be expressed in immune-privileged tissues. Thus, their aberrant expression in
tumors makes them highly immunogenic. In addition to segregation by tissue barriers,
trophoblastic and male germ cells, which are normal localization of CGAs, lack HLA class I
molecules expression and therefore cannot present antigens to T cells [115–117]. Although
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considered TAAs, such features of germline cells make CGAs insignificant to potential
autoimmune response but a potential target in cancer immunotherapy.

3.1. Cancer-Germline Antigens

CGAs expression is restricted to reproductive tissues. Due to the presence of blood-
testis barrier and devoid expression of HLA class I molecules on the surface of germ
cells, CGAs are capable of avoiding interaction and recognition by the immune system
when expressed in germinative tissues, which are known as immune-privileged zones
(Figure 3) [118]. However, accumulated data have revealed that CGAs are expressed in
various kinds of cancer ectopically, mainly due to epigenetic regulation activities, includ-
ing DNA methylation and histone post-translational modification [119]. Furthermore,
CGAs play a critical role in the initiation and progression of cancers. Immune-privileged
nature endows CGAs a strong ability to elicit an immune response when expressed in tu-
mors due to decreased, even absent, peripheral tolerance. Cytotoxic and humoral immune
responses to CGAs are frequently evident in cancer patients, and CGAs’ aberrant expres-
sion in tumors has been linked with disease stage, worse clinical outcomes, and cancer
invasion [120,121]. Together, restricted expression in germinative tissues, ample aberrant
expression in various cancer types, and immunogenic nature make CGAs promising tar-
gets for cancer vaccine development. The first identified CGA was melanoma-associated
antigen 1 (MAGE-1), discovered by Bruggen et al. via autologous typing with T cell clones
from a melanoma patient with advanced cancer stage [122]. According to available infor-
mation, currently, there are more than 200 CGA genes in the human genome, classified
into 44 gene families [123]. Among all CGA candidates, melanoma-associated antigen
A3 (MAGE-A3), New York esophageal squamous cell carcinoma-1 (NY-ESO-1) antigen,
and preferentially expressed antigen in melanoma (PRAME) have been well-studied and
proved to be promising cancer vaccine targets. Therefore, these three CGAs and other
current promising targets are included for discussion in our review.
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Figure 3. The immunological nature of cancer-germline antigens. The expression of cancer-germline antigens (CGAs) is
normally limited to reproductive tissues. The presence of the blood-testis barrier makes testis an immune-privileged zone,
which means CGAs expressed in germ cells do not interact with the immune system. Furthermore, due to the lack of
HLA class I molecules on the surface of germ cells, CGAs cannot be presented on their cell surface, making germ cells
unrecognizable for CGA-specific immune cells. These features make CGAs foreign when exposed to the immune system
and endow them with a strong capability to induce a robust immune response. Aberrant expression of CGAs can be
detected in various cancers. These antigens, being expressed in malignant cells, will be processed and presented on the
surface of malignant cells, including the HLA class I pathway. Once recognized by immune cells, CGAs will be targeted by
the immune system, leading to the destruction of CGA-expressing malignant cells.
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3.1.1. Melanoma Antigen Family A3

MAGE-A3 belongs to a gene family containing more than 60 members, almost all
located on the X chromosome [124]. A conserved MAGE homology domain is shared in all
MAGE-A family proteins, while no noticeable functions are attributed to this domain [125].
Previous studies have demonstrated that MAGE-A3 is involved in carcinogenesis via
inhibition of apoptosis in tumor cells and the regulation of essential pathways associated
with cell proliferation [126]. As a target antigen for cancer vaccines, MAGE-A3 has been
applied in cancer vaccine development to test the possibility of cancer treatment in murine
models. Due to the dominant position of CTLs in cancer therapy, scientists, first of all,
focused on the HLA class I epitopes derived from MAGE-A3 and detected their capability
in induction and activation of CTLs. Several CTL epitopes from MAGE-A3, restricted to
HLA class I molecules such as HLA-A*1, HLA-A*2, HLA-A*24, and HLA-B*37, have been
investigated [127–130]. These peptides exhibited potential antitumor functions in promot-
ing CTL clones that recognize MAGE-A3-expressing tumors. With further understanding
of Th-mediated immune response against malignant cells, increased attention was focused
on Th lymphocytes’ critical role in the induction and maintenance of CTLs. Schultz et al.
synthesized an HLA-DP4-restricted MAGE-A3 epitope [131]. After vaccination, CD4+ T
cell clone directed against MAGE-A3 antigen and recognition of MAGE-A3-expressing
tumor cells by CD4+ lymphocytes were observed. Furthermore, HLA-DR4- and HLA-DR7-
restricted MAGE-A3 epitopes were also described by Kobayashi et al. [132]. These peptides
induced specific T-cell response and enhanced recognition of tumor antigen by MAGE-A3-
reactive Th clones. In addition to MAGE-A3 peptide vaccines, various other technology
platforms have been utilized, such as DNA/RNA vaccines, DC-based vaccines, and viral
vector/bacterial vector vaccines [133–137]. For instance, Liu et al. overexpressed MAGE-A3
and CALR in DCs via adenoviral transfection and used them as cancer vaccine to struggle
against esophageal squamous cell carcinoma (ESCC) [135]. CALR/MAGE-A3-transfected
DCs showed high expression of CD80, CD83, CD86 and were able to stimulate specific
CD8+ CTLs targeted to ESCC cells expressing MAGE-A3. The construction of recombi-
nation fusion protein by linking MAGE-A3 peptides to adjuvant protein, or functional
domain, is also a novel design strategy for MAGE-A3-based cancer vaccines. By fusion of
MAGE-A3 peptides with cell-penetrating domains (CPDs), it was possible to achieve more
efficient DC membrane penetration and induction of high-level expression of unique DC
markers than with MAGE-A3 alone, making such fusion more potent therapeutic cancer
vaccine compared with existing MAGE-A3 protein and peptide vaccines [138].

3.1.2. “New York Esophageal Squamous Cell Carcinoma-1” Antigen

As an archetypal member of CGAs, NY-ESO-1 is encoded by the CTGAG1B gene
located on the Xq28 region of the X chromosome [139]. The expression frequency of NY-
ESO-1 varies significantly among different types of tumors. Most commonly expressing
tumors are myxoid and round cell liposarcoma (89–100%), while other cancer types usually
account for 20–40% [140–143]. In cancer patients, simultaneous humoral and cytotoxic
responses against NY-ESO-1 were frequently observed, further revealing the natural ability
of NY-ESO-1 to trigger a specific antitumor immune response [144,145]. Thus, there is
a mainstream acceptance that NY-ESO-1 can serve as a promising candidate for cancer
vaccines, and published results have supported this notion. Chen et al. synthesized
HLA-A*2-restricted NY-ESO-1 peptide and used it to activate NY-ESO-1-specific immune
response, resulting in NY-ESO-1-positive tumor cells killed by CTLs specific to correspon-
dent peptide [146]. Zarour et al. identified HLA-DRB1*0401-presented epitopes and proved
their capability to generate or enhance specific CD4+ T-cell responses against tumors ex-
pressing NY-ESO-1 in vivo [147]. In recent years, the form of NY-ESO-1-based DC, DNA,
and oncolytic virus cancer vaccines have been designed, and favorable tumor inhibition
results were observed [148–150]. Currently, effective adjuvant formulation, including
aluminum salts (alum), CpG oligodeoxynucleotide (CpG), and innate defense regulator
peptide HH2, combined with NY-ESO-1 antigen, was explored in murine tumor models
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by Yang’s group [151,152]. They showed that NY-ESO-1-alum-CpG-HH2 immunization
elicited CTL response and increased TILs. This adjuvant strategy significantly upregulated
the production of IFN-γ, TNF-α, and IL-1β, and enhanced uptake of antigen via activation
of p38, Erk1/2, and NF-κB pathway.

3.1.3. Preferentially Expressed Antigen in Melanoma

The PRAME gene is localized on chromosome 22 at locus 22q11.22. PRAME was
first identified as a cancer antigen recognized by HLA-A*24 restricted CTLs in metastatic
melanoma [153]. PRAME was found to be highly expressed in human adult germ cells
and various tumor types. Meanwhile, limited expression of PRAME was also detected in
ovaries, adrenals, and endometrium, making its expression germline-selective rather than
typical germline-restricted [154]. As a novel diagnostic biomarker, an elevated PRAME
expression level was correlated with more advanced malignant disease and a higher
risk of metastasis, suggesting its pivotal role in cancer progression, including replicative
immortality, invasion, and metastasis [155–157]. Thus, with further comprehension of
unique features and biological mechanisms in tumorigenesis of PRAME, the candidate
position of PRAME in cancer vaccines was probed to struggle against malignant diseases.
Quintarelli et al. generated CTLs directed against HLA-A*02-restricted PRAME-peptides
from healthy donors and chronic myelogenous leukemia (CML) patients. These CTLs rec-
ognized and had cytotoxic activity against PRAME-expressing tumor cell lines and primary
CML cells, demonstrating the potential of PRAME in cancer vaccine development for CML
treatment. Additionally, Rezvani et al. studied CD8+ T-cell responses to PRAME-derived
epitopes in patients with acute lymphoblastic leukemia (ALL), acute myeloid leukemia
(AML), and chronic myeloid leukemia (CML) [158]. Greater frequency of PRAME-specific
CD8+ T cells was evident in patients with AML, CML, and ALL than healthy controls,
revealing the potential for developing PRAME as a target for immunotherapy in leukemia.
Furthermore, Gérard et al. tested the recombinant PRAME protein antitumor activity
combined with AS15 immunostimulant in murine tumor models [159]. PRAME plus AS15
induced both CD4+ and CD8+ T-cell responses, as well as high PRAME-specific antibody
titers, indicating that PRAME is potentially immunogenic in humans. Noteworthy, PRAME
can bind retinoic acid (RA). RA is usually applied in hematologic malignancies to induce
proliferation arrest, differentiation, and apoptosis. However, PRAME, binding to the
retinoic acid receptors, prevents signing pathway activation and promotes tumorigene-
sis [160]. Thus, the possibility of a PRAME-based cancer vaccine to enhance the treatment
response of all-trans retinoic acid (ATRA) treatment to ALL is under discussion [154].

3.2. Clinical Advance in Cancer-Germline Antigen-Based Vaccination

Immunogenicity and tumor specificity of CGAs have been tested in various pre-
clinical studies, and results revealed a promising role of CGAs as prioritized targets for
cancer vaccines. With these milestones, increasing scientific groups explored the efficacy
of CGA-based vaccines in cancer treatment and their safety. These CGA-based vaccines
were well-tolerated in cancer patients, observing specific T-cell responses, while clinical
responses vary from trial to trial, as shown in Table S2. MAGE-A3-based cancer vaccines
have been applied in multiple types of tumors in clinical trials, and results concerning their
effectiveness and security were obtained. Two most comprehensive randomized, double-
blinded, placebo-controlled phase III clinical trials using MAGE-A3 as target antigen in
cancer vaccines, named MAGRIT and DERMA, were carried out for NSCLC and melanoma
treatment, respectively [161,162]. In the MAGRIT trial, 13,849 patients were screened to
select MAGE-A3-positive NSCLC patients, and 2312 of these patients were enrolled in
this study. Patients were randomly assigned to receive 13 intramuscular injections of
recombinant MAGE-A3 protein vaccine or placebo during 27 months [161]. Although this
vaccine was well tolerated, and a low occurrence of vaccine-related serious adverse events
was reported, unfortunately, this trial was stopped in 2014 due to the lack of changes in
disease-free survival time in the MAGE-A3 immunotherapeutic group compared with the
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placebo group. In the other trial, DERMA, 895 MAGE-A3-positive melanoma patients
received up to 13 intramuscular injections of recombinant MAGE-A3 with AS15 immunos-
timulant [162]. Final analysis revealed that median disease-free survival was 11 months in
the MAGE-A3 group, while 11.2 months in the placebo group, demonstrating MAGE-A3
immunotherapeutic alone was not efficacious in melanoma treatment, even though rare
treatment-related adverse events were reported. Therefore, this trial was terminated in
2016. Although the failure of these two phase III MAGE-A3-based cancer vaccine trials is
discouraging, other formulations of MAGE-A3-based vaccines are still under investigation
in other types of cancer. For instance, Krishnadas et al. applied MAGE-A1, MAGE-A3,
and NY-ESO-1 peptides-pulsed DC vaccine in children with neuroblastoma or sarcoma in
combination with decitabine for cancer treatment [163]. After vaccination, six out of nine
patients experienced specific T-cell responses, whereas grade ≥3 adverse events occurred
in five patients. According to the final analysis, one patient had a complete response while
another one had a partial response. This combined strategy is feasible and immunogenic
to some extent, but clinical benefit and toxicity still warrant further exploration.

Like MAGE-A3, NY-ESO-1 is also gaining significant attention in the field of cancer
vaccines due to its specific immunogenic capability and aberrant expression in cancers.
Based on NY-ESO-1, multiple types of cancer vaccines have been developed for tumor
therapy. Phase I trial was carried out by Mahipal et al. to explore the efficacy of NY-ESO-1
recombinant protein vaccine, named G305, in solid tumors, including melanoma, ovarian
carcinoma, breast carcinoma, etc. [164]. Six out of eleven patients developed specific CD4+

T-cell responses, whereas specific CD8+ T-cell activity was observed in four out of eleven
patients, demonstrating immunogenicity of NY-ESO-1 in immune response initiation.
Furthermore, three patients had a stable disease status one year after treatment, revealing
potential clinical benefits for patients with solid tumors who will receive NY-ESO-1-based
cancer vaccination. Meanwhile, a DC-based vaccine with DCs loaded with multiple TAAs,
including NY-ESO-1, MAGE-C2, and MUC1, was designed by Westdorp’s group to apply
in prostate carcinoma [165]. Twenty-one prostate carcinoma patients participated in this
trial, and twelve of them experienced stable disease, while only one gained a partial clinical
response, with no serious adverse events occurred among patients. Moreover, antigen-
specific T cells were detected in peripheral blood in twelve out of twenty-one patients.
This multiple TAAs-based vaccine was shown to be feasible and safe for potential clinical
application, with an improved clinical outcome for prostate cancer patients. However, no
phase III clinical trial results concerning NY-ESO-1-based cancer vaccines are currently
available to our knowledge. Although one phase III, randomized, double-blind, placebo-
controlled study of G305 vaccine application in sarcoma patients was started in 2018
(NCT03520959), this trial was terminated by a sponsor’s decision in 2020. Therefore, more
phase III studies are earnestly needed to discuss the effectiveness of the NY-ESO-1-based
vaccine in clinical application.

Several clinical trials related to PRAME have been reported and provided us bright
insight into PRAME-based cancer vaccine development. Pujol et al. developed a recombi-
nant PRAME protein vaccine for NSCLC patients to explore its safety and immunogenicity.
In their phase I study, 26 out of 35 patients exploit specific CD4+ T- cell responses, while
specific CD8+ T-cell responses only occurred in two patients [166]. No serious adverse
events happened during administration. Another clinical trial reported by Weber et al.
showed a peptide vaccine for solid tumor patients targeting PRAME and PSMA, a prostate-
specific membrane antigen [167]. This vaccine induced a specific T-cell immunity toward
tumors in 15 out of 24 patients, and ten patients achieved stable disease after two cycles
of treatment. Although these two phase I studies revealed PRAME as a potential target
in cancer vaccines, more data concerning overall survival and disease-free survival and
further clinical trials would make PRAME a more convincing targeted molecule for cancer
vaccine design.
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3.3. Combination Therapy

Based on limited clinical benefits observed after vaccination, the application of CGA-
based vaccines alone is still unsatisfying, especially the failure of two phase III MAGE-
A3-based cancer vaccine trials for cancer treatment. Rational combination therapy may
bolster immune response against tumors and gain more clinical benefits for cancer patients.
Traditional cancer therapy, including chemotherapy and radiotherapy, has been found to
work synergistically with immunotherapy by inducing increased antigens expression on the
tumor cell surface or even releasing cancer antigens extracellularly [168]. Thus, theoretically,
CGA-based vaccines combined with traditional therapeutics may increase the exposure
of CGA on tumor cells and further recognition by T lymphocytes, contributing to the
elimination of cancer cells. Furthermore, the major obstacle of chemotherapy application
is drug resistance due to the anti-apoptotic capability that cancer cells exhibit, which is
conceptually associated with cancer stem cells (CSCs). CGAs are involved in stem cell
differentiation and carcinogenesis, demonstrating their unique role in CSCs, although the
mechanism remains unclear [169]. Therefore, CGA-based cancer vaccines are an excellent
choice to combine with chemotherapy by eliminating normal tumor cells and CSCs as a
whole. Fukuda et al. employed this combined notion in melanoma treatment [170]. They
developed a DC-based cancer vaccine with DCs loaded with MAGE-A3, MAGE-A2, and
three other TAAs, combined with carboplatin and paclitaxel chemotherapy. On day one of
a 28-day cycle, patients received intravenous carboplatin and paclitaxel administration,
while on days eight and 22, intradermal injections of peptide-pulsed DC vaccine were
performed. After three cycles, one of nine patients achieved a partial response, while four
had stable disease. Median OS and PFS were 12 and 2.3 months, respectively. Their results
provide the rationale for continued investigations of combination therapy comprising
CGA-based cancer vaccines and chemotherapy.

ICBs block immunosuppression effects by targeting checkpoint molecules like PD-1
and CTLA-4, resulting in enhanced T cell activation and cytotoxicity against cancer cells.
The use of ICBs was approved by the FDA to apply in melanoma and NSCLC and has
dramatically improved cancer patients’ survival. Recently, combination approaches by
using ICBs with other immunotherapies, especially cancer vaccines, have been proposed
and practiced in clinical trials to circumvent limitations and enhance the effectiveness of
individual immunotherapy approaches. Previous studies showed that PD-1 is highly ex-
pressed on CGA-specific tumor-infiltrating lymphocytes (TILs) and limits their antitumor
function. After blocking the PD-1/PD-L1 pathway, the function and antitumor ability of
MAGE-A3-specific CD8+ T cells were restored [171]. Similarly, NY-ESO-1-specific CD8+

T cells were negatively correlated with PD-1 expression in melanoma and ovarian cancer
patients [172,173]. Moreover, blockade of CTLA-4 also enhances NY-ESO-1 specific T-cell
responses in melanoma patients and bring clinical benefits [174]. In summary, all these find-
ings provide a strong rationale to combine CGA-based cancer vaccines with ICBs for cancer
treatment, and this combined strategy aim at eliminating malignant cells synergistically in
a more comprehensive way. A preclinical study revealed that mice with melanoma, when
vaccinated with a highly attenuated NY-ESO-1-expressing Trypanosoma cruzi strain, exhibit
limited antitumor effects for preventing cancer development. However, when administrat-
ing CTLA-4 inhibitor during vaccination, a higher frequency of NY-ESO-1-specific effector
CD8+ T cells producing IFN-γ was evident and more lymphocytes migrated and infiltrated
the tumor microenvironment (TME), resulting in the prevention of tumor progression
and extended survival of tumor-bearing mice [175]. Furthermore, this combined therapy
also has been practiced in clinical trials. A study reported by Gibney et al. showed that
33 patients received a multi-peptide vaccine (gp100, MART-1, and NY-ESO-1) followed
by nivolumab maintenance [176]. After vaccination, high PFS time (47.1 months) and an
increase in tetramer-specific CD8+ T-cell populations were achieved. Thus, CGA-based
vaccines should be considered in combination with ICBs for elevated antitumor effects.

The epigenetic regulation is critically involved in the expression of CGAs in normal
and cancer tissues, while DNA methylation is one of the most important mechanisms
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underlying the high level of CGAs in tumors. DNA methyltransferase (DNMT) inhibitors,
such as 5-aza-2′-deoxycytidine (5-aza-2′-CdR) or 5-azacytidine, have been approved for
cancer treatment by reversing epigenetic silencing of genes to enhance the immunogenic
potential of cancer cells [177,178]. When applying DNMT inhibitors in cancer patients, the
upregulated expression of CGAs was frequently observed with more active spontaneous
immunity against CGAs [179]. Therefore, a combination of CGA-based vaccines and DNMT
inhibitors will induce more CGAs expression in tumors and trigger highly activated CGA-
specific T-cell responses. The feasibility of this combined strategy has already been tested
by Odunsi et al. [180]. They performed a phase I dose-escalation trial of decitabine (5-aza-
20-deoxycytidine) as an addition to the NY-ESO-1-based vaccine in ovarian carcinoma
patients. This combined strategy benefits most patients from increased NY-ESO-1 serum
antibodies and T-cell responses while with limited toxicities. In the final clinical evaluation,
out of ten patients, five had stable disease, and one had a partial response. Based on these
encouraging results, a combination of CGA-based vaccine and DNMT inhibitors warrants
further exploration in other types of cancer. However, the elevated expression of CGAs in
multiple tumors is usually associated with tumor progression and aggressive type. Thus,
to avoid latent deleterious effects on patients, the choice and usage of DNMT inhibitors,
which could potentially induce CGAs expression in tumors, need to be cautious when
employed together with CGA-based cancer vaccines.

4. Antigen Selection Strategy for Cancer Vaccine

Although some cancer antigens have already shown their advantage in cancer vaccine
development, none of them are entirely suitable for every kind of cancer, even for different
individuals with the same disease. To draw a better cancer antigen selection strategy
for cancer vaccines, comparison among cancer antigens, and knowing their advantages
and disadvantages, is essential. Hereby, we summarized profits and defects that CGAs,
neoantigens, and viral antigens will bring for cancer vaccine design (Table 2).

Immune-privileged antigens have been proven to be expressed in various kinds of
cancers, and based on this fact, cancer vaccines that target immune-privileged antigens
can be applied in a broad spectrum of malignant diseases. The feature of a wide range of
adaptability endows immune-privileged antigen-based vaccines a good clinical translation.
The whole gene and amino acid sequence of most immune-privileged antigens have
been well-established; thus, immune-privileged antigen-based vaccines can be generated
through established manufacturing technologies in mass production. Therefore, when
a patient is diagnosed to bear immune-privileged antigen-expressing tumor, immune-
privileged antigen-based vaccines are already on stand by and can be administered to the
patient in time, avoiding time consumption in manufacturing and disease progression
during vaccine production. Furthermore, with established production technologies and
simple diagnostic methods, immune-privileged antigen-based vaccines are more affordable
for cancer patients. However, except for immune-privileged tissues, not all immune-
privileged antigens are absent from normal tissues. For instance, although PRAME exists
mainly in germ cells, limited PRAME expression is also evident in ovaries, adrenals, and
endometrium [154]. Thus, theoretically, the PRAME-based cancer vaccine has a risk of
autoimmune response induction against normal tissues. Another type of cancer antigen—
cancer-retina antigens—has been recently described [181]. Found to be expressed in a
number of malignancies and retina, thus being highly immunogenic due to their immune-
privileged status, they are considered to be immunogens for cancer vaccines besides
CGAs [182,183]. Preclinical studies for analyzing the possibility of cancer-retina antigens
induce tumor-specific immune response are required to be undertaken. However, although
no cases concerning CGA-based vaccine-related autoimmune testopathy were reported,
theoretically, cancer-retina antigen-based vaccines might induce an autoimmune response
that will lead to the degradation of the retina. This statement is supported by reported cases
of paraneoplastic syndromes of tumor-related retinopathy when antibodies against retinal
proteins were produced in response to cancer-retina antigen-producing tumor and were
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responsible for retina degradation [184]. Thus, possible autoimmunity induced by such
vaccines should be considered during vaccine composition preparation, e.g., by reducing
HLA class II-specific epitopes. Additionally, tumor heterogeneity is also one obstacle that
threatens the efficacy of immune-privileged antigen-based cancer vaccines. It does not
make sense to administrate such immune-privileged antigen-based vaccines if the patient’s
tumor does not express the correspondent antigen.

Table 2. Pros and cons of different tumor antigens in vaccine design.

Cancer Antigen Type Pros Cons

Immune-privileged antigens

1. A wide range of
adaptability

2. Well-established
manufacturing technologies

3. Simple preparation
procedures

4. Time- and cost-effective
5. Relatively high specificity6.

Low central tolerance
6. Low central tolerance

1. Potential autoimmune
responses

2. Limited effects due to tumor
heterogeneity

Neoantigens

1. High specificity
2. Low central tolerance
3. Personalized strategy for

patients
4. High affinity to HLA

molecules and TCRs

1. Great money and time
consumption

2. Complex preparation
procedures

3. Immature preparation
technologies

Viral antigens

1. Target virus-related cancers
specifically

2. Low central tolerance
3. Simple preparation

procedures
4. Well-established

manufacturing technologies

1. Restricted to virus-related
cancers

2. Loss of immunogenicity due to
mutations in viruses

By targeting proteins derived from mutated genes in tumors, neoantigen-based vac-
cines show a robust capability to induce highly specific antitumor immunity in patients.
These mutated proteins are foreign to the immune system, possessing low central toler-
ance. When neoantigen-based vaccines are recognized by the immune system, a robust
and specific immunity will be triggered against them and neoantigen-expressing tumors,
leading to their elimination eventually. Neoantigen-based vaccines accurately target tu-
mors, providing cancer patients a personalized immune strategy with high specificity. This
vaccine meets the criteria of the current trend of precision medicine in cancer treatment.
By sequencing the genome of tumor tissues and compared with the genome of normal
tissues, multiple neoepitopes can be selected for vaccine manufacturing to eliminate cancer
cells comprehensively and overcome tumor heterogeneity to the greatest extent possible.
However, complex preparation procedures and immature manufacturing technologies
contribute to the difficulty of neoantigen-based vaccine development (Figure 4). Moreover,
although next-generation sequencing achieved a quick progression recently, the cost of
WGS/WES is still unaffordable for most patients, making neoantigen-based vaccine hard
to be applied universally. Moreover, time consumption also threatens the position of
the neoantigen-based vaccines in immunotherapy. It usually takes 2–3 months to design
and prepare a neoantigen-based vaccine for cancer patients. Thereafter, most cancer pa-
tients develop disease progression during the waiting period for neoantigen-based vaccine
manufacturing, making them not more suitable for vaccination.
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As one principal member of TSAs, viral antigens also possess high specific immuno-
genicity and low central tolerance, making them probably an ideal target for cancer vaccines.
After recognition and procession by the immune system, viral antigen-based vaccines can
trigger a substantial and specific immune response against virus-related tumors. With
available knowledge of virus etiology, the manufacture of viral antigen-based vaccines
is not difficult to establish (Figure 4). Moreover, established prophylactic viral vaccine
manufacturing technologies can be used as a reference when constructing therapeutic
viral antigen-based vaccines. However, the application of viral antigen-based vaccines is
only suitable for virus-related cancers, whereas cancers without viral etiology hard to gain
benefits from it. Furthermore, mutation frequently occurs in pathogenic viruses, which
may change the amino acid sequence of targeted viral proteins, leading to loss of viral
antigen-based vaccine immunogenicity.

Objectively, there is not enough clinical trial data to conclude which antigen or group
of antigens is more favorable to choose. Pros and cons of different tumor antigen groups
can be highlighted, but what is out of any discussions is that there is no single antigen or
a single group of them, which will be applied for every case of cancer type. It is obvious
and already can be traced from little available clinical trial data that utilizing the same
antigen for different malignancies treatment results in different antigen-containing vaccine
efficacy. It happens because malignant diseases are very heterogeneous from type to
type. Moreover, they are heterogeneous from individual to individual. Thus, the current
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trend in modern medicine, including oncology, is establishing personalized diagnostics
and treatment approaches. It is required to develop conformable approaches for cancer
treatment selection in an individual case. It means that specific patient’s parameters should
be considered in order to form a picture of the choice of one or another approach to
treatment. For the selection of cancer vaccines, it is essential to consider the patient’s
tumor antigens to select appropriate vaccine composition and a platform for antigen
delivery [185,186]. Pros and cons should then be turned into conditions, which will help
understand where to use this or that antigen (Figure 5). Even a combination of antigens
from different groups can be applied to enhance vaccine efficacy if there are appropriate
conditions (e.g., virus-induced malignancy with high TMB). To summarize, there should
be a panel of different available antigens that should be adapted individually, rather than
utilizing a single group of antigens for each patient. Therefore, exploratory research of
tumor antigens and their identification approaches are required to cover possible tumor
antigenic variations.
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