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Abstract: The past few decades have witnessed the remarkable progress of cancer immunotherapy.
Neoantigens, also known as tumor-specific antigens, are novel antigens originating from tumor-
specific alterations such as genomic mutations, dysregulated RNA splicing, and post-translational
modifications. Neoantigens, recognized as non-self entities, trigger immune responses that evade cen-
tral and peripheral tolerance mechanisms. With the notable strides in cancer genomics facilitated by
next-generation sequencing technologies, neoantigens have emerged as a promising avenue for tumor-
specific immunotherapy grounded in genomic profiling-based precision medicine. Furthermore, a
growing number of preclinical and clinical investigations are harnessing the potential synergies be-
tween neoantigens and other immunotherapies such as adoptive cell therapy and immune checkpoint
inhibitors. In this review, we will provide a comprehensive perspective encompassing the trajectory
of neoantigens, neoantigen design strategies, and the diverse array of clinical applications inherent
in immunotherapy strategies centered around neoantigens. Moreover, we delve into the inherent
prospects and challenges that accompany the clinical adoption of neoantigen-based immunotherapies
while also putting forth potential solutions to address these challenges.
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1. Introduction

The field of cancer research has witnessed remarkable advancements over the past few
decades, unveiling intricate dynamics between malignant cells and the immune system.
Amid the myriad of novel avenues that have surfaced, the exploration of neoantigens has
emerged as a captivating frontier within cancer immunotherapy. Neoantigens, originating
from somatic mutations within the tumor genome, possess an unparalleled capacity to
trigger precise immune responses, potentially reshaping the landscape of personalized
cancer treatment.

At the core of virtually all immunotherapeutic strategies lies the induction and activa-
tion of tumor-specific T cells. Neoantigens, aptly named, represent the distinctive epitopes
that emerge from modified gene products and novel proteins resulting from mutations
within the genome’s coding regions. These neoantigens are presented for recognition by
T cells after being processed [1]. Compared to various tumor-associated antigens (TAAs),
neoantigens provide a distinct advantage. While TAAs exhibit elevated levels on tumor
cells but are also expressed at lower levels on healthy cells, neoantigens are expressed in
the tumor tissues and absent in the normal tissues. Given that TAAs remain non-mutated
self-antigens, their recognition can be hampered by central T cell tolerance mechanisms,
potentially accounting for the subdued T cell responses. In contrast, T cells primed to
target neoantigens can circumvent the suppressive impacts of negative selection within
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the thymus, due to the pronounced antigenicity conferred by somatic mutations within
tumors [2–4]. This unique attribute of neoantigens mitigates the risk of “off-target” harm to
normal tissues and circumvents the constraints of central or peripheral tolerance, offering
an individualized vaccine capable of stimulating the activation of tumor-specific T cells [5].

In the context of neoantigen-based immunotherapy, synthetically engineered neopep-
tides are administered to patients with the aim of triggering an immune response, par-
ticularly engaging CD8+ and CD4+ T cells to recognize the neoantigens and target and
eliminate tumor cells [6]. The effectiveness of neoantigens hinges upon various factors,
with tumor mutation burden (TMB) and the presentation and recognition of neoantigens
being of paramount importance. A higher TMB is anticipated to yield a greater pool of
tumor-specific antigens, enhancing the likelihood of inducing tumor antigen-specific T
cells. To validate this hypothesis, a multitude of studies have been designed, stratify-
ing immunotherapy-treated patients based on TMB levels. The outcomes consistently
reveal that patients with higher TMB experience improved results, including enhanced
progression-free survival and overall survival [7,8]. Within the intricate landscape of tumor
neoantigens, genetic anomalies in tumor cells—ranging from somatic point mutations
and insertions to deletions and chromosomal translocations—undergo transcription and
translation, ultimately giving rise to mutated peptides. These peptides subsequently un-
dergo hydrolysis and are presented by major histocompatibility complex (MHC) molecules,
facilitating their recognition by T cells [9]. Factors such as peptide splicing, the antigen
processing and presentation machinery, and peptide affinity can influence MHC identifi-
cation. Moreover, T cell recognition can be influenced by the extent of tumor infiltrating
lymphocytes, culminating in the determination of the neoantigen’s potential to elicit a
robust immune response [10].

To date, a wide array of neoantigen-based vaccines have undergone evaluation in
patients with various types of tumors. These vaccines encompass peptide, nucleic acid, and
dendritic cell (DC) vaccine modalities. Peptide and nucleic acid vaccines primarily derive
from predicted neopeptides resulting from somatic mutations, such as single nucleotide
variations, frameshift insertions or deletions, and gene fusions. In contrast, DC vaccines
are produced by loading dendritic cells with neoantigens. Several techniques have been
employed for this purpose, including pulsing with synthetic peptides, transfection using
mRNA, and pulsing with autologous whole tumor lysate [11].

In this review, we offer an encompassing overview of the evolution of neoantigens,
the pipelines for predicting these novel antigens, and the diverse clinical applications
of immunotherapy strategies centered around neoantigens. Additionally, we delve into
the prospects and hurdles inherent in the clinical adoption of immunotherapies rooted in
neoantigens while also putting forth potential solutions to address these challenges.

2. History of Neoantigen and Neoepitope

The history of neoantigen and neoepitope discovery spans several decades and reflects
the evolving landscape of cancer research, immunology, and genomics. The journey
to uncover these novel targets for cancer immunotherapy is characterized by pivotal
milestones that have gradually transformed our understanding of tumor-specific antigens
and their potential therapeutic applications.

2.1. Early Exploration (1970s–1990s)

The early years of cancer immunology focused primarily on TAAs that were shared
between cancer cells and normal tissues. Efforts to develop immunotherapies centered
on these antigens, often yielding modest success due to the risk of off-target effects. For
instance, in Ramarathinam et al., it was reported that multiple lineages of tumors are not
cross protected even though they share the common unmutated tumor antigen P1A that
are recognized by cytolytic T lymphocyte (CTL) [12]. In the other study, the transgenic
mice were produced to expresses the T cell receptors (TCR) from CTL that recognized P1A;
however, the T cells were not able to reject tumors that expresses P1A antigen [13]. In an
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attempt to elucidate the suboptimal T cell therapeutic efficacy, a hypothesis was formulated,
suggesting that the host may have developed mechanisms to either eliminate or functionally
restrain the T cells capable of targeting self-tissues, owing to their expression of P1A.

However, during this period, researchers began to recognize the importance of anti-
gens derived from unique somatic mutations present in cancer cells. In Monach et al.,
strong evidence was provided that a unique tumor antigen derived from amino acid substi-
tution in a cellular protein led to remarkably higher T cell stimulation in comparison to the
wild-type peptide [14].

2.2. Genomic Revolution (2000s–Early 2010s)

From the end of 1990s to 2000s, studies were blooming and provided more insights
of neoantigens as the therapeutic targets for cancer treatment. In Lennerz et al., T cell
responses against the five neoantigens generated by somatic point mutations in the patient’s
melanoma was observed and predominated in comparison to that against TAAs [15]. In
another study, Rosernberg et al. reported a melanoma patient who underwent complete
regression after the adoptive transfer of ex vivo expanded, tumor-infiltrating lymphocytes.
Screening of the autologous tumor cell cDNA library revealed the immune response of
tumor-infiltrating lymphocytes (TILs) to two novel mutated genes, respectively, growth
arrest-specific gene 7 and glyceraldehyde-3-phosphate dehydrogenase gene transcripts.
The T cells targeting these two novel mutated genes were found in the expanded TILs and
persisted in the tumor and blood in the patient [16].

While emerging studies supported the profound potential of T cells recognizing
neoantigens, the advent of high-throughput DNA sequencing technologies revolutionized
cancer research. With the ability to sequence entire-cancer genomes, researchers gained in-
sights into the genomic alterations driving tumorigenesis. One example was in 2008, when
Allison et al. designed an in silico-based approach and high throughput post hoc analysis
to examine whether the somatic mutations in human breast and colon cancers had the
potential to generate novel epitopes that might serve as targets for immune responses [17].
Around this time, genomic revolution paved the way for the identification and prediction
of neoantigens, which are unique to individual tumors and arise from somatic mutations in
the coding regions of the genome.

2.3. Neoantigen Prediction Algorithms (Mid 2010s)

In this period, genomic and bioinformatics continued to evolve and provided clear
evidence that they could be used in identification of neoantigens for potential T cell stimu-
lation. When genome sequencing data became available, computational methods could be
used to predict neoantigens. These algorithms analyze tumor DNA sequences to identify
mutations that could lead to altered protein sequences, and subsequently predict which of
these alterations are likely to give rise to neoepitopes—the small, recognizable portions of
neoantigens that T cells can target. The pipeline of next-generation sequencing, in silico
neoepitope prediction and development of immunological assays emerged and was proved
as an effective approach.

In Rosernberg et al., exome sequencing was applied for identification of the mu-
tated proteins expressed in the melanoma of patients who received adoptively transferred
autologous TILs. The mutated neoepitopes were verified using an MHC-binding algo-
rithm and evaluated for TIL recognition [18]. In Sahin et al., next-generation sequencing
was applied to identify nonsynonymous somatic point mutations from B16F10 murine
melanoma cells, with the immunogenicity and specificity of the selected mutations being
validated by immunizing mice, with peptides containing the mutated epitopes. In compar-
ison to the wild-type sequences, these mutated peptides elicited stronger immunogenic
responses, which clearly indicated the efficacy of neopeptide immunization in therapeutic
settings [19]. With this methodology, Schreiber et al. were able to predict and validate
neoantigens from highly immunogenic methylcholanthrene-induced sarcomas derived
from immunodeficient Rag2(−/−) mice [20].
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2.4. Validation and Clinical Application (Late 2010s–Present)

The late 2010s witnessed the translation of neoantigen discovery into clinical applica-
tions. Researchers began identifying neoantigens in patients with different cancer types and
demonstrated that they could trigger immune responses. Clinical trials were designed to test
personalized neoantigen-based vaccines and adoptive T cell therapies. Notably, these trials
demonstrated the feasibility of inducing potent and specific anti-tumor immune responses in
a subset of patients. One example was the T cell transfer therapy targeting mutant KRAS
G12D conducted by Rosernberg’s group, which led to tumor regression in patients with
metastatic colorectal cancers [21]. In another study conducted by Wu’s group, vaccines
targeting predicted personal tumor neoantigens were administered in melanoma patients
and led to no recurrences in four out of six vaccinated patients. The other two patients
with recurrent diseases were treated with anti-programmed cell death-1 (PD-1) and had
complete regression [22]. Moreover, in the clinical trial NCT01174121, the TILs recognizing a
mutation in the erbb2 interacting protein (ERBB2IP) were used for adoptive cell transfer, and
the treated patient achieved a remission in target lesions with prolonged stabilization [23].

Neoantigens have become a focal point in the development of cancer immunotherapies.
As immunotherapy strategies such as immune checkpoint inhibitors and Chimeric Antigen
Receptor T (CAR-T) cell therapies gained prominence, the potential synergies between these
approaches and neoantigen-targeted therapies became evident [24–26]. Combining these
strategies has the potential to enhance the effectiveness of cancer treatment by leveraging
the immune system’s natural ability to recognize and destroy cancer cells.

3. Neoantigen Design and Development

Predicting and identifying neoantigens involves a multidisciplinary approach encom-
passing genomics, bioinformatics, and immunology.

3.1. Tumor Biopsy and Next-Generation Sequencing

Upon diagnosis of the patient, the process initiates with the selection of tumor tissue
samples. These samples are meticulously curated to represent areas abundantly popu-
lated by tumor cells. Histological evaluation is of paramount importance in distinguish-
ing cancerous tissue from healthy tissue and offers valuable insights into the tumor’s
histopathological attributes, encompassing its type, grade, and stage. Once histological
analysis definitively confirms the presence of tumor cells, the selection of tissue becomes
pivotal. Careful consideration is given to identifying tumor-rich regions for subsequent
genomic and proteomic analyses. These regions are expected to harbor the specific genetic
mutations and neoantigens pertinent to the patient’s cancer, rendering them the focal point
for personalized immunotherapies.

The tumor is biopsied, and both the cancerous and normal tissues are sequenced.
Whole exome sequencing (WES), which is a powerful genomic technique, focuses on se-
quencing the coding regions, or exons, of genes in an individual’s genome. While the
majority of the human genome consists of non-coding regions, exons are where most
disease-associated mutations are found. By sequencing only the exonic regions, WES
enables researchers to identify single nucleotide variations, small insertions, and dele-
tions [27,28]. Unlike WES, which focuses on the genome’s DNA, transcriptome analyses, or
RNA sequencing (RNA-seq) examines the transcripts that are produced from genes and
serve as templates for protein synthesis. Specifically, RNA-Seq can detect alternative splic-
ing events, where different exons are included or excluded from the final mRNA transcript
and result in the production of diverse protein isoforms. Additionally, RNA-Seq captures
gene fusions arising from chromosomal rearrangements, which lead to the expression of
fusion transcripts that are translated into fusion proteins with unique antigenic properties.
RNA-seq involves extracting RNA molecules from cells or tissues and converting them
into complementary DNA (cDNA) through reverse transcription. These cDNA fragments
are then sequenced to quantify the abundance of various RNA molecules [29]. The incor-
poration of RNA-Seq into mutanome analyses enables prioritization of highly expressed
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mutations over nonexpressed variants, resulting in a more refined selection of potential
vaccine candidates.

3.2. Somatic Mutation Detection

Mutation calling is a computational process that follows the sequencing of DNA (WES)
or cDNA (RNA-seq) to identify genetic variations or mutations within the genome. The
goal is to distinguish between the naturally occurring variations and mutations that might
contribute to disease. The process involves several steps, including aligning sequenced
reads to a reference genome, identifying areas with discrepancies (variations), and filtering
out background noise and false positives. Currently, specialized algorithms like Varscan,
SomaticSniper, Strelka, and MuTect2 GATK are employed to identify somatic mutations
by comparing tumor and normal sequences. They identify somatic mutations that are
unique to the tumor and not present in the individual’s normal tissue. Filters are applied to
remove common germline variations and retain tumor-specific alterations. By comparing
the tumor genome (WES) or transcriptome (RNA-seq) with the corresponding normal
tissue, researchers can pinpoint mutations that have arisen during tumorigenesis [30].

Following mutation calling, the subsequent annotation steps are crucial for neoantigen
prediction. Annotation involves assigning functional and contextual information to the
identified variants using tools like ANNOVAR, Variant Effect Predictor (VEP), or SnpEff.
These tools help determine whether a variant falls within a protein-coding region, its
effect on the amino acid sequence, and its potential impact on protein structure and
function. Subsequently, the annotated variants are further analyzed to identify mutations
that generate altered peptide sequences (neoepitopes) capable of binding to MHC molecules
and eliciting an immune response. The integration of mutation calling and comprehensive
variant annotation lay the foundation for accurately predicting potential neoantigens that
can be harnessed for personalized cancer immunotherapy strategies [31,32].

3.3. Neoantigen Prediction

Epitope prediction algorithms play a pivotal role in neoantigen prediction by evaluat-
ing the likelihood that a given peptide sequence, derived from a mutated protein, will bind
to MHC molecules with sufficient affinity to be presented to T cells. Currently, multiple
tools such as SYFPEITHI, IEDB, and NetMHCpan are extremely useful in offering unique
features in epitope-binding prediction. For instance, SYFPEITHI calculates the binding
affinity of peptides to MHC class I molecules. It employs a scoring system based on experi-
mental binding data to predict the likelihood of peptide-MHC interaction. This approach
enables the identification of potential neoepitopes that have a high probability of being
presented by MHC molecules and recognized by T cells. SYFPEITHI’s approach, while
valuable, is often constrained by the availability of experimental binding data for a diverse
range of MHC alleles [33]. While SYFPEITHI, Rankpep, and BIMAS served as pioneering
prediction tools, the field has seen the emergence of more refined alternatives. Among these,
NetMHC stands out as one of the most widely utilized and rigorously validated algorithms
available today. NetMHC employs artificial neural networks to predict peptide binding
across various MHCI variants, yielding the predicted IC50 as an output. The accuracy of
neural network-based methods relies on the training set’s quality and size, thus performing
better for more prevalent alleles. Notably, a refined version known as NetMHCpan expands
the training dataset to encompass data from diverse species, enhancing the accuracy of
predictions for less common MHC alleles [34].

Currently, the most useful epitope prediction algorithms are those focusing on peptide
binding to MHC class I molecules. The MHCI antigen presentation pathway plays a central
role in presenting peptides derived from endogenous cellular proteins to CD8+ T cells.
Intracellular proteins undergo proteasomal processing, yielding 8–11 amino acid peptides
that are subsequently transported into the endoplasmic reticulum (ER) by the transporter
associated with antigen processing. There, they associate with newly synthesized class I
molecules, forming stable peptide–MHCI complexes that are transported to the cell sur-
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face [35,36]. On the other hand, MHC class II antigen presentation involves the presentation
of peptides derived from exogenous antigens, often proteins internalized through endocy-
tosis or phagocytosis. In the endosomal compartments of antigen-presenting cells, these
antigens are processed into peptide fragments, and a subset of these peptides binds to MHC
II molecules within the groove created by the α and β chains. The resulting peptide-MHC II
complex is then transported to the cell surface, where it is presented to CD4+ T helper cells.
While prediction algorithms for MHCI neoantigens have flourished, MHC II neoantigens
have posed challenges due to their diverse lengths (ranging from 13 to 25 amino acids) and
increased binding complexity. As a result, there is a relative scarcity of binding-affinity
training data and fewer algorithms available for predicting MHC II neoantigens [3].

3.4. Neoantigen Prioritization

Subsequent to neoantigen prediction using NetMHCpan, a pivotal step involves the
comprehensive prioritization of neoepitopes, ensuring the selection of those with the high-
est potential to trigger a robust immune response. While NetMHCpan aids in identifying
peptide sequences likely to bind to MHC molecules, further criteria are considered to assess
their immunogenicity. Among the steps in neoepitope prioritization, the predicted binding
affinity holds significance, as neoepitopes displaying strong MHC binding are more likely
to be presented to immune cells. Tools like MHCflurry and MHCconsortium can also refine
binding affinity predictions, aiding in the identification of top candidates. Additionally,
assessing the conservation of the mutated amino acid across species using tools such as SIFT
and PolyPhen enhances the understanding of its potential functional impact. Estimating
epitope abundance is presently achieved through an indirect assessment involving the
quantification of RNA expression levels. Mutations can be identified through tumor-to-
normal DNA comparisons undergo bioinformatic scrutiny to gauge their immunogenic
potential. The subsequent estimation of candidate immune stimulatory peptide levels
is facilitated by RNA-Seq analysis. Prioritization based on gene expression levels, using
databases like The Cancer Genome Atlas and Genotype-Tissue Expression, adds another
layer of insight into neoepitope selection. Furthermore, considering the antigen processing
machinery’s efficiency, tools like NetChop and NetCTLpan evaluate proteasomal cleav-
age and T cell processing, respectively. Neoepitopes arising from frameshift mutations
and non-synonymous alterations are often prioritized due to their potential to generate
immunogenic peptides. Tailoring the prioritization based on tumor heterogeneity and
patient-specific HLA type refines the strategy [37].

3.5. Neoantigen Validation

Validation of immunogenic neoantigens can be performed in many ways, among
which the most common methodologies included are mass spectrometry, tetramer/multimer
staining, and ELISpot, ELISA, or intracellular cytokine staining. By eluting bound peptides
and identifying using tumor-specific variant libraries, mass spectrometry is able to profile
the neoantigens presented on the MHC molecules. Its high sensitivity enables the detection
of even minute quantities of antigens, making it well-suited for the task. Moreover, it offers
an unbiased approach, capable of identifying a wide range of neoantigens without prior
knowledge of their sequences. Mass spectrometry can also provide quantitative data about
the abundance of neoantigens, which is valuable for assessing their significance. However,
it comes with certain complexities. Specialized equipment and expertise are prerequisites,
making it less accessible for some laboratories. Additionally, sample preparation can be
time-consuming and technically challenging. It is worth noting that mass spectrometry
primarily detects neoantigens presented on MHC class I molecules, limiting its applicability
to this subset of antigens [38].

Complementary to mass spectrometry, tetramer or multimer staining facilitates the
visualization and quantification of neoantigen-specific T cells. This technique employs
fluorescently labeled MHC–peptide complexes to detect and enumerate neoantigen-specific
T cell populations, offering insights into their abundance and specificity and confirming the



Biologics 2023, 3 327

presence of T cells capable of recognizing the neoantigens. However, there are limitations
to consider. Tetramer and multimer staining require prior knowledge of the neoantigens of
interest and the availability of corresponding tetramers/multimers. Custom production
of these reagents can be expensive and time-consuming. Moreover, these techniques may
have limited sensitivity in detecting rare T cell populations, posing challenges in studies
where low-frequency neoantigen-specific T cells are of interest [39].

Functional validation techniques like ELISpot, ELISA, and intracellular cytokine stain-
ing assess the ability of neoantigens to stimulate T cell responses. With synthesized neoepi-
topes, ELISpot and ELISA quantify interferon-gamma secretion or cytokine production
in response to neoantigens, providing quantitative data on T cell activation. Meanwhile,
intracellular cytokine staining detects cytokine production within T cells, corroborating
their activation status. However, they do have limitations to consider. ELISpot and ELISA
may lack the specificity of tetramer staining and mass spectrometry, potentially leading
to false-positive results. Intracellular cytokine staining, while capable of detecting func-
tional responses, may not directly identify neoantigen-specific T cells. Additionally, the
sensitivity of these techniques may be limited, particularly in detecting low-frequency
neoantigen-specific T cell populations [40].

In conclusion, the choice of neoantigen validation technique should align with the
specific goals of the study, available resources, and the nature of the neoantigens under
investigation. Each technique has its strengths and limitations, and combining multi-
ple methods can provide a comprehensive assessment of neoantigen-specific immune
responses, enhancing the overall validation process.

4. Studies of Neoantigens in Immunotherapy

Immunotherapy has been proven to be a groundbreaking approach in cancer treatment
via harnessing the body’s own immune system to combat tumors. Aiming at enhancing
the immune system’s ability to recognize and target cancer cells, examples of current
immunotherapy include checkpoint inhibitors, adoptive T cell therapy (including CAR-
T cell therapy), and oncolytic virotherapy [26,41]. Neoantigens, known for their high
immunogenicity, possess significant potential to elicit a robust immune response. When
these neoantigens are displayed on the surfaces of cancer cells through MHC molecules,
they can be recognized by both CD8+ and CD4+ T cells, essential components of the
adaptive immune system. This recognition sets off a series of immune responses, including
T cell activation and the mobilization of other immune cells to the tumor microenvironment,
aimed at identifying and eliminating the cancer cells presenting these neoantigens.

Neoantigens have emerged as promising targets for cancer immunotherapy, holding
the potential to revolutionize the landscape of personalized treatment strategies. Nu-
merous clinical trials and studies are underway to explore the therapeutic efficacy of
neoantigen-based interventions either as standalone treatments or in combination with
other immunotherapies (Table 1).

Table 1. Clinical trials of neoantigen in immunotherapy.

Trial Number Clinical Trial Summary Cancer Type Clinical Trial
Phase

Other Therapies
Used Publication

NCT01970358 Neoantigen-based Vaccine for
Melanoma Melanoma Phase I Poly-ICLC;

anti-PD-1 therapy [42]

NCT01856296 WINTHER: Personalized
Neoantigen Vaccines

Various Solid
Tumors Phase II N/A [43]

NCT02950766 NeoVax Plus Ipilimumab in Renal
Cell Carcinoma

Renal Cell
Carcinoma Phase I/II Poly-ICLC;

Ipilimumab [44]

NCT03313778 Neoantigen Peptide Vaccine with
ICI in RCC Solid Tumors Phase I/II Pembrolizumab [45]
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Table 1. Cont.

Trial Number Clinical Trial Summary Cancer Type Clinical Trial
Phase

Other Therapies
Used Publication

NCT02897765 Neoantigen-based Vaccine for
Advanced Cancers

Various Solid
Tumors Phase I Poly-ICLC [46]

NCT03422094

Neoantigen-based Personalized
Vaccine Combined With Immune
Checkpoint Blockade Therapy in

treating Glioblastoma

Pancreatic
Cancer Phase I/II

Nivolumab;
Ipilimumab;
PolyICLC

[47]

NCT03412877

Administration of Autologous
T-Cells Genetically Engineered to
Express T-Cell Receptors Reactive

Against Neoantigens in People
With Metastatic Cancer

Various solid
tumors Phase II

Cyclophosphamide;
Fludarabine;
Aldesleukin

[48]

NCT03633110
Personalized adjuvanted vaccine,

GEN-009, for the treatment of
patients with solid tumors.

Solid Tumors Phase 1/2a Nivolumab;
Pembrolizumab [49]

In clinical trials focusing on neoantigen-based immunotherapy, personalized vaccines
are designed to elicit robust T cell responses against patient-specific neoepitopes. These
vaccines are formulated by selecting neoantigens predicted to bind strongly to the patient’s
MHC molecules and thus maximize T cell activation. One pioneering example is the trial
(NCT01970358) initiated by Ott et al., wherein the predicted long peptides 3, targeting up
to 20 neoantigens admixed with the Toll-like receptor 3 and melanoma differentiation-
associated protein 5 agonist poly-ICLC4 (Hiltonol), were administered to patients with
previously untreated high-risk melanoma (stage IIIB/C and IVM1a/b) in a phase I study.
Four out of the six patients under vaccination had no recurrence after 25 months, whereas
the other two with recurrent disease underwent tumor regression after the addition of
anti-PD-1 therapy [22]. The study demonstrated the feasibility and safety of the approach
and highlighted the potential of neoantigen vaccines to induce antitumor immune re-
sponses. Moreover, the ongoing WINTHER trial (NCT01856296) explores the integration of
whole exome sequencing and transcriptome analysis to guide the selection of neoantigens
for personalized cancer vaccines. These endeavors underscore the evolving precision of
neoantigen-targeted strategies [43].

Combination therapies that harness the potential of neoantigens alongside other
immunotherapies have also garnered considerable attention, with the goal of achieving
synergistic efficacy. Neoantigen-targeted therapies can be integrated with immune check-
point inhibitors, such as anti-PD-1 or anti-CTLA-4 antibodies, to enhance the efficacy of
immune responses. For instance, the NCT02950766 trial assesses the combination of a
personalized neoantigen vaccine with immune checkpoint inhibitors in patients with stage
III/IV clear cell renal cell carcinoma. More specifically, the approach involved the inclusion
of subcutaneously administered ipilimumab adjacent to the vaccination site, targeted at
pre-specified cohorts. This strategy was intended to enhance T cell priming and activation
at the local draining lymph node. Among all nine patients, the study successfully manufac-
tured and administered a median of 15 vaccinating peptides per subject, with a range of 8
to 19 peptides. These peptides were designed to target a median of 13 unique mutations per
patient, spanning a range of 7 to 17 mutations [50]. There were no instances of dose-limiting
toxicities observed, and, notably, no occurrences of disease recurrences were recorded
within this high-risk population. Additionally, combining neoantigen-based vaccines with
adoptive T cell therapy holds promise in augmenting the patient’s immune response against
tumors (Figure 1). Innovative technologies like RNA-based vaccines have further expanded
the scope of neoantigen immunotherapy. RNA vaccines encoding neoantigen sequences
are designed to stimulate potent immune responses against cancer cells. In one clinical
trial (NCT03313778) involving 13 patients with high-risk resectable solid tumors, and a
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separate cohort of 20 patients with unresectable advanced-stage solid tumors, mRNA-4157,
an RNA-based neoantigen vaccine encapsulated in lipid nanoparticles, underwent testing,
respectively, as monotherapy and in combination with pembrolizumab in these two cohorts.
Intriguingly, the latter group included 12 patients who had experienced disease progression
on prior immune checkpoint inhibitor (ICI) therapy. Encouragingly, no instances of dose-
limiting toxicities or severe grade 3–4 adverse events were reported. Noteworthy outcomes
emerged in the cohort treated with the combination, where six clinical responses were docu-
mented among the 20 patients, culminating in an overall response rate of 30%. Of particular
significance, two of the 12 patients who had previously undergone ICIs showcased clinical
responses, illustrating the potential of this approach to benefit patients who had previously
exhibited disease progression on ICI therapies [51]. As clinical trials and studies continue
to provide insights into the potential of neoantigen-based interventions, the integration
of these novel strategies with established immunotherapies offers a promising avenue to
enhance antitumor immune responses and improve patient outcomes. The growing body
of evidence underscores the dynamic nature of neoantigen-based immunotherapy and its
potential to shape the future of precision cancer treatment. However, challenges persist,
including the identification of optimal neoantigens for each patient, addressing tumor
heterogeneity, and ensuring consistent manufacturing of personalized vaccines.
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therapies [51]. As clinical trials and studies continue to provide insights into the potential 
of neoantigen-based interventions, the integration of these novel strategies with estab-
lished immunotherapies offers a promising avenue to enhance antitumor immune re-
sponses and improve patient outcomes. The growing body of evidence underscores the 
dynamic nature of neoantigen-based immunotherapy and its potential to shape the future 
of precision cancer treatment. However, challenges persist, including the identification of 
optimal neoantigens for each patient, addressing tumor heterogeneity, and ensuring con-
sistent manufacturing of personalized vaccines. 
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Figure 1. Neoantigen identification and validation and application in adoptive cell therapy (ACT).
Patient samples, encompassing both tumor and normal cells, are gathered and subjected to whole
exome DNA sequencing or RNA sequencing. Subsequently, a variants calling procedure is executed
to identify the alterations within protein-encoding regions, followed with neoantigens computational
predictions and prioritization. The validation process involves a range of methods such as tetramer
assays, Enzyme-linked immunosorbent spot (ELISPOT) assays, and T-cell activation assays. The
identified neoantigens can be harnessed for the development of immunotherapies, often taking the
form of cancer vaccines or ACT. In the realm of cancer vaccines, neoantigens can be administered
in diverse formats, including DNA, mRNA, or peptide-based constructs. In the context of ACT, T
cells are extracted from either tumor tissues or peripheral blood. Through coculture with antigen-
presenting cells (APCs) primed with neoantigens, neoantigen-specific T cells are identified. These
cells then undergo an expansion process facilitated by rapid expansion protocols. Upon achieving a
substantial quantity, the expanded T cells are reintroduced into the patient’s system, instigating a
concerted effort to suppress the tumor.
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For instance, the number of neoantigens included in a cancer vaccine can vary depend-
ing on several factors, including the patient’s individual tumor profile, the vaccine design,
and the specific immunotherapy approach. There exists no universally fixed or average
number of neoantigens deemed optimal for all patients or cancer types. Researchers aim to
identify and target neoantigens that are unique to an individual’s tumor. This means that
the number of neoantigens included in a vaccine can vary from one patient to another, from
a few hundred to thousands, depending on the number of relevant neoantigens identified in
the patient’s tumor. This variability stems from the fact that some patients exhibit a greater
abundance of immunogenic neoantigens, whereas others may present fewer candidates.
Therefore, it becomes crucial to discern and prioritize the most efficacious neoepitopes for
clinical impact, given that administering the identified number of neo-peptides directly to
patients is not feasible.

The quantity of neoantigens incorporated into these vaccines can also differ from
one study to another. To provide insights into this variability, certain successful studies
serve as examples. For instance, in the study by Keskin et al., each patient received up to
20 peptides, grouped into four pools of 3–5 peptides. This approach aimed to segregate
peptides binding to the same MHC allele into different pools, thereby mitigating potential
antigen competition at the draining lymph nodes [52]. In the other study, NEO-PV-01, a
personalized vaccine consisted of up to 20 synthesized peptides, each ranging from 14 to
35 amino acids in length, was administered to patients [46]. Alternatively, some studies
have employed vaccines comprising 5–10 synthetically manufactured peptides [53]. It
is worth noting that the optimal number of neoantigens for a vaccine may evolve as our
comprehension of neoantigens and cancer immunotherapy advances, and this number will
likely continue to be tailored to each patient’s tumor characteristics.

Given the rarity of shared cancer mutations between tumors and the unique nature of
patients’ immune systems, neoantigen vaccines must be patient specific and custom manu-
factured. Typically, the production timeline for neoantigen vaccines in studies conducted
so far falls between 12 to 24 weeks [52,53]. Urgently addressing methods to expedite this
manufacturing process is crucial to deliver effective treatments to patients, maximizing the
vaccine’s potential to stimulate an anti-tumor immune response.

5. Conclusions and Discussion

In recent decades, our comprehension of cancer’s intricate complexities and available
treatment avenues has grown substantially. The journey of neoantigens, from their initial
discovery to their practical applications in clinical settings, represents a transformative shift
in cancer treatment paradigms. This field continues to expand and refine, marked by the
optimization and standardization of processes, ranging from neoepitope identification and
prediction to the translation into clinical studies. As research and clinical trials progress,
the realization that capitalizing on the immune system’s innate ability to target cancer-
specific neoantigens holds the potential to inaugurate a novel era of precise and potent
cancer therapies.

While neoantigen-based strategies exhibit remarkable potential, several challenges
persist on the path toward achieving optimal tumor eradication. First, despite notable
advancements in streamlining the neoantigen identification and prediction pipeline, the
production of personalized neoantigens for patient treatment remains time-consuming and
costly. This expense primarily stems from the sequencing process and the preparation of
materials meeting good manufacturing practice standards. Although recent reductions in
the cost of DNA and RNA sequencing have been achieved by pooling numerous samples
into a single sequencing run, this cost-effective approach is not applicable to the develop-
ment of personalized cancer vaccines, which are typically tailor-made for small patient
cohorts. Given that neoantigens are often considered for patients with advanced cancer, the
question arises whether patients can feasibly await neoantigen production. Administering
neoantigens at an earlier cancer stage could provide a viable solution to mitigate this
concern. Furthermore, due to the extended manufacturing timeline, the use of neoantigen
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vaccines typically occurs well after the initiation of ICIs. Nevertheless, commencing simul-
taneous treatment with ICIs and the vaccine earlier in the treatment trajectory may offer a
higher likelihood of treatment synergy.

Second, cancers are known to have a high degree of heterogeneity and a capacity of
metastasis, which causes difficulties in cancer therapy. The intricate defense mechanisms
that cancer cells employ to evade immune recognition pose a significant hurdle. In response,
combining neoantigen therapies with other approaches emerges as a promising strategy
to surmount tumor immune evasion. Studies underscore the effectiveness of employing
adjuvant therapies to enhance immune cell infiltration and reshape the tumor microen-
vironment. For example, cytokines like interferon-gamma and granulocyte-macrophage
colony-stimulating factor have been shown to synergize with neoantigens, augmenting
their efficacy [54,55]. Among the adjuvant drugs, immune checkpoint blockade drugs
targeting PD-1/PD-L1 or cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are most
widely used. While the combination therapy provides enhanced effectiveness in the treat-
ment for early stage tumors, less optimal results are observed with more advanced tumors.
Immune evasion and resistance to therapies have been postulated and often stem from
the dynamic shifts in tumor antigen expression, the loss of HLA, or the downregulation
of HLA expression. This prompts contemplation on the necessity of establishing the mini-
mum count of neoepitopes required for administration and methods of restoration of the
HLA expression in cancer cells, potentially offering a strategic approach to curtailing the
emergence of antigen loss variants [56].

Thirdly, an ongoing challenge revolves around the development of efficient strategies
for delivering neoantigen vaccines. While peptide-pulsed dendritic cells have demonstrated
effectiveness, their use is still limited due to their preparation and expansion. Among the
emerging alternatives, effective antigen-presenting cells (APCs), such as immortalized
B cells, hold promise as an unlimited resource when compared to dendritic cells [26].
Meanwhile, biomaterial-based delivery systems have emerged as instrumental tools to
enhance the efficacy of peptide- or mRNA-based neoantigen vaccines. A notable example
is the work by Gao et al., who introduced a nanovaccine consisting of an antigen combined
with a synthetic polymeric nanoparticle, PC7A NP [57]. This innovative approach triggers
a robust cytotoxic T-cell response while minimizing systemic cytokine expression [58].
Impressively, these nanoparticles facilitate efficient cytosolic delivery of tumor antigens
to antigen-presenting cells within draining lymph nodes. This not only enhances surface
presentation but also concurrently activates type I interferon-stimulated genes, further
amplifying the immune response. Similarly, synthetic high-density lipoprotein nanodiscs,
known for their clinical safety and scalability, have been coupled with antigen peptides
and adjuvants. This strategic coupling significantly improves the co-delivery of antigens
and adjuvants to lymphoid organs and sustains antigen presentation on dendritic cells [59].
Notably, biomaterials are emerging as potent modulators for intracellular delivery and
antigen processing within APCs. They are anticipated to offer precise control over balanced
MHC class I and II loading of antigens, thereby eliciting optimal and potent antitumor
immune responses. As the journey of neoantigens continues, these challenges beckon for
innovative solutions, fueled by a collaborative effort among researchers, clinicians, and
industry stakeholders. The overarching objective remains: to unlock the full potential
of neoantigens, transforming them from promising concepts into effective therapies that
revolutionize cancer care.
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