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Abstract

Immunotherapeutic manipulation of the antitumor immune response offers an attractive strategy to 

target genomic instability in cancer. A subset of tumor-specific somatic mutations can be 

translated into immunogenic and HLA-bound epitopes called neoantigens, which can induce the 

activation of helper and cytotoxic T lymphocytes. However, cancer immunoediting and 

immunosuppressive mechanisms often allow tumors to evade immune recognition. Recent 

evidence also suggests the tumor neoantigen landscape extends beyond epitopes originating from 

nonsynonymous single nucleotide variants in the coding exome. Here we review emerging 

approaches for identifying, prioritizing, and immunologically targeting personalized neoantigens 

using polyvalent cancer vaccines and T-cell receptor gene therapy.

It is by no means inconceivable that small accumulations of tumor cells may 

develop and, because of their possession of new antigenic potentialities, provoke an 

effective immunological reaction with regression of the tumor and no clinical hint 

of its existence.

– F. Macfarlane Burnet, 1957

Introduction

Cancers evolve through a reiterative process of mutational and epigenetic changes that give 

rise to phenotypically heterogeneous tumor cell populations, whose growth is governed by 
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Darwinian clonal interactions such as competition, cooperation, and natural selection (1). 

Although early models of cancer evolution proposed that somatic mutagenesis follows a 

step-wise linear process with selective sweeps by dominant clones (2), multi-region and 

longitudinal tumor genome sequencing combined with computational tools for phylogenetic 

inference have revealed complex branching clonal patterns (3). Branched evolution results in 

coexisting clonal and subclonal populations, some of which may carry driver mutations that 

provide substrate for tumor adaptation to selective pressures such as anticancer therapy. 

Evidence of branched evolution has been revealed in both hematopoietic and solid tumors, 

including acute myeloid leukemia (4), chronic lymphocytic leukemia (5), multiple myeloma 

(6), breast cancer (7), renal cell carcinoma (8), prostate cancer (9), colorectal cancer (10), 

melanoma (11), and non-small cell lung cancer (NSCLC) (12). These findings suggest that 

single resected tumor samples might not fully capture the breadth of intra-tumoral 

mutational heterogeneity (13). They further imply that inhibition of single oncogenic 

pathways is unlikely to result in durable therapeutic response, which may only be achievable 

by targeting multiple truncal mutations (14).

Landmark studies showed that a subset of tumor-specific alterations translated into non-

germline-encoded epitopes called neoantigens can be predicted using reverse immunology 

from exome sequencing data, which led to the insight that polyvalent vaccination and 

immunostimulatory therapy could be an effective means for eliminating cancers (15, 16). 

Neoantigens had long before been hypothesized as targets of immunosurveillance (17), but 

this theoretical framework could not account for the occurrence of cancer in 

immunocompetent hosts (18). Seminal work by others subsequently revealed the neoantigen 

landscape can evolve to favor tumorigenesis via immunoediting (19), wherein tumors escape 

immune recognition through selection for clones with lower immunogenicity (20). The 

introduction of immune checkpoint inhibitors (ICIs) has since established the clinical 

efficacy of stimulating autologous antitumor immune responses, but most patients do not 

respond to single agent therapy and a substantial proportion suffer adverse autoimmune side 

effects due to nonspecific disinhibition of T-cell activity (21).

The discovery and prioritization of tumor neoantigens is integral to advancing the next 

generation of cancer immunotherapies. Unlike tumor-associated antigens that are 

overexpressed by cancer cells but also present in normal or immune-privileged tissues, 

neoantigens are tumor-specific and recognized as foreign epitopes by the adaptive immune 

system. Tumor neoantigens may consequently activate high-affinity cytotoxic T 

lymphocytes (CTLs) that are not subject to immunological tolerance (22). Tumor mutation 

burden (TMB) estimated from nonsynonymous single nucleotide variants (SNVs) in coding 

exons offers an indirect measure of neoantigen load (23). TMB correlates with response to 

ICI therapy both within and across tumor types and independently of programmed death-

ligand 1 (PD-L1) expression (24). However, acquired resistance to conventional 

immunotherapy is an emerging clinical problem in patients with high TMB tumors (25). 

Many prevalent cancers with low TMB such as breast, prostate, and microsatellite stable 

colon cancer also exhibit innate resistance to ICIs (25). Recent improvements in our 

understanding of the determinants of tumor immunogenicity, including alternative sources of 

neoantigens apart from SNVs, the pre-immune repertoire of neoantigen-specific T-cells, and 
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cancer immunoediting, may facilitate the development of therapeutic strategies that 

overcome these challenges.

Teleologically, if the adaptive immune system is directed against driver mutations that occur 

during early tumor development or evolutionary bottlenecks such as chemotherapy when 

clonal selection by immunoediting is strongest, it could result in durable tumor rejection 

while sparing healthy tissues. However, several major obstacles currently impede the design 

and effectiveness of therapies targeting mutation-derived epitopes. For example, among the 

vast number of putative neoantigens predicted from exome sequencing, only a small fraction 

is ultimately validated as being presented naturally or shown to be immunogenic (26). 

Accumulating evidence also suggests that many tumor-specific epitopes may arise from non-

canonically translated sequences for which most in silico tools for neoantigen discovery are 

ill-suited (27). Co-evolution of the tumor neoantigen landscape and the tumor-specific T-cell 

repertoire favors immune evasion and poses further barriers to the clinical efficacy of 

neoantigen-directed immunotherapy (28). Here we discuss the diversity and evolutionary 

dynamics of the cancer immunopeptidome and its role in shaping tumor immunogenicity. 

We discuss emerging high-throughput methods for accurately resolving immunogenic 

neoantigens. We further review promising immunotherapeutic strategies for targeting 

neoantigens to effectuate durable tumor-specific immunity.

Neoantigen processing and presentation

Antigen processing and presentation by major histocompatibility complex (MHC) class I 

and class II molecules are central to T-cell activation, cellular immunity, and immunological 

tolerance. MHC-I molecules are expressed by almost all cell types and allow for a sampling 

of the endogenous cellular proteome to be displayed for surveillance by CTLs, which then 

eliminate infected or transformed cells presenting bacterial, viral, or mutated peptides. The 

MHC-II pathway is found primarily in professional antigen-presenting cells (APCs) such as 

dendritic cells (DCs), macrophages, and B-cells that display exogenous peptides to helper 

CD4+ T lymphocytes, which support the development of cytotoxic and humoral immune 

responses. MHC-I and MHC-II peptide complexes are recognized by specific T-cell 

receptors (TCRs), primarily via complementarity determining region 3 (CDR3) loops with 

the aid of CD8 and CD4 co-receptors, respectively. Some APCs, particularly DCs, cross-

present exogenous peptides via the MHC class I pathway, a process shown to prime CD8+ 

T-cell responses that can be amplified by ICI therapy (29). Two major proteolytic systems 

generate peptides from endogenous and exogenous proteins for MHC-dependent T-cell 

recognition, including the proteasome for cytosolic proteins and endosomal proteases for 

endocytosed proteins (30). In response to malignant transformation, cells may also generate 

proteins with tumor-specific post-translational modifications such as phosphorylation, 

acetylation, and glycosylation, some of which can be loaded on MHC-I molecules for 

presentation to CD8+ T-cells (30).

Two defining hallmarks of the MHC facilitate its capacity to present diverse peptides to the 

immune system, including codominant expression of a polygenic locus and extraordinary 

polymorphism with several thousand allelic variants identified in the human population 

(Figure 1) (31). As a consequence of allelic polymorphism, individuals typically exhibit 
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heterozygosity at MHC loci, the loss of which has been previously implicated in cancer (32) 

and recently studied in more detail with the application of novel computational tools for 

MHC sequence alignment (33, 34). Most polymorphic residues are found in the peptide-

binding domain of MHC molecules, resulting in variation of peptide binding specificity and 

affinity between different MHC alleles (35). Despite their polymorphism, MHC-I molecules 

can be clustered into groups called superfamilies that share largely overlapping peptide 

binding specificity, a property that aids prediction of MHC-I-binding peptides for synthetic 

epitope-based vaccines (36). MHC-I molecules typically bind peptides that are 8 to 12 

amino acids in length, though longer peptides can also be accommodated via “bulging” 

conformational changes (30). By contrast, MHC-II molecules bind larger peptides up to 13 

to 28 amino acids in length with less stringent binding requirements than MHC-I (Figure 2). 

The enormous diversity of peptides displayed by MHC-I and MHC-II molecules on all 

somatic cells complements the immense TCR diversity generated by genetic recombination 

events in CD8+ and CD4+ T lymphocytes, and these structures together endow the immune 

system with the capacity for immunosurveillance and the ability to respond to a highly 

diverse array of pathogens and tumor-associated mutations.

Origins of neoantigen heterogeneity

Classical mutation-derived epitopes

The majority of neoantigen prediction has focused upon peptides derived from SNVs, which 

most commonly result from base transition mutations and comprise the bulk of variants 

found throughout the cancer genome (37). Neoantigen burden estimated from 

nonsynonymous SNVs in the protein-coding exome has been identified as a biomarker of 

tumor immunogenicity associated with response to ICI therapy across multiple tumor types, 

particularly melanoma and NSCLC (23). The functional basis for this observation is 

hypothesized to entail the generation of CTLs expressing neoantigen-specific TCRs. The 

number of tumor neoantigens necessary to induce a clinical antitumor response, however, 

remains unknown and even low TMB cancers can be responsive to ICIs and contain 

neoantigen-specific T-cell populations that may expand with therapeutic vaccination (38). 

Renal cell carcinoma, for example, exhibits low SNV burden but high expression of 

neoantigens originating from frameshift mutations (39) and endogenous retroviral elements 

(EREs) (40) that could account for its sensitivity to immunotherapy. Accumulating evidence 

from proteogenomic studies using RNA sequencing and mass spectrometry (MS)-based 

proteomics suggests non-canonical variants may in fact comprise a substantial proportion of 

neoantigens presented by tumors, which are missed by standard approaches focusing on 

mutations within exons (27). These findings have prompted several research groups 

including ours to search for alternative sources of tumor neoantigens, with the aim of 

expanding the breadth of potential peptides that can be targeted by cancer vaccines and T-

cell based immunotherapies.

Non-canonical tumor neoantigens

Diverse genomic, transcriptomic, and proteomic alterations contribute to the cancer 

neoantigen landscape (Figure 3). Somatic indels that result in novel open reading frames and 

significantly alter the germline sequence have been suggested to produce more immunogenic 
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neoantigens than SNVs in T-cell activation assays performed ex vivo (41). A pan-cancer 

analysis of frameshift indels in The Cancer Genome Atlas (TCGA) dataset showed that 

while the number of indels per tumor is several times lower than SNV mutations, indels may 

produce up to 9-fold more predicted neoantigens per mutation than SNVs (39). Frameshift 

mutations most frequently occur in tumors with microsatellite instability such as a colorectal 

and gastric cancer but have also been observed in virus-associated tumors such as cervical 

and head and neck cancers, as well as other tumor types, including renal cell carcinoma and 

melanoma (42). Indels can potentially result in premature termination codons that make 

them vulnerable to nonsense-mediated mRNA decay and neoantigen loss, a phenomenon for 

which there is positive selection during cancer evolution (43).

Recent clinical trials have thus sought to prioritize indels in vaccine and adoptive cell 

therapies. In small cohorts of patients with melanoma, for example, this approach has 

demonstrated CTL reactivity against indel-derived neoantigens and further suggested these 

peptides may exhibit less cross-reactivity with wild-type epitopes compared to SNV-derived 

neoantigens (41). However, while indel burden is associated with response to ICI therapy in 

melanoma, indels are not independently correlated with therapeutic response or survival in 

other cancer types, suggesting that additional genomic variants also shape tumor 

immunogenicity (39).

Other sources of tumor neoantigens that have attracted growing interest include gene 

fusions, noncoding genomic regions, RNA editing, and alternative splicing. A recent 

analysis of gene fusion neoantigens across 30 cancer types in the TCGA dataset showed that 

24% of tumors harbored fusion-derived MHC-binding neoantigens whose expression was 

inversely related with CD8+ and CD4+ T-cell infiltration, suggesting evidence of 

immunoediting and negative selection against fusion neoantigens (44). As gene fusions are 

frequently conserved and act as drivers in leukemias and select solid malignancies with low 

SNV burden (such as sarcomas and prostate cancer), they represent an attractive target for 

“off-the-shelf” neoantigen-directed therapies. However, previous clinical studies in patients 

with chronic myeloid leukemia and pediatric sarcoma have offered only modest results (45, 

46), likely because single epitope strategies are overcome by immunoediting, upregulation 

of immunosuppressive pathways, and suboptimal priming of de novo neoantigen-specific T-

cells. Ongoing early phase trials are investigating the clinical efficacy of polyvalent vaccines 

that will include fusion-derived peptides among other classes of neoantigens (47).

Proteogenomic studies have identified further sources of neoantigen diversity that arise from 

transcriptional events and are therefore undetectable by exome sequencing, including RNA 

editing (e.g. enzymatic alterations in RNA sequences without corresponding DNA 

mutations) and other forms of RNA processing such as alternative splicing. In a study of 17 

cancer types in the TCGA dataset, for example, increased levels of RNA editing were found 

in several cancers, including breast cancer, lung adenocarcinoma, and renal cell carcinoma 

(48). It has also been demonstrated that RNA edited peptides exhibit MHC binding and 

stimulate the activity of CD8+ tumor-infiltrating lymphocytes (TILs) isolated from 

melanoma patients (49). However, other cancers such as prostate cancer, lung squamous 

carcinoma, and liver carcinoma show no significant change in edited peptides (48). 

Transcripts subject to RNA editing in cancer are also altered to some extent in normal 
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tissues, suggesting that cancer-specific RNA editing may be primarily a quantitative rather 

than qualitative phenomenon (50). By contrast, diversity in transcript splicing is increased in 

tumors compared with normal cells, and results in novel tumor-specific exon-exon junctions 

that can generate MHC-binding neoantigens (51, 52). These changes may occur on a large 

scale and potentially outnumber other classes of mutations in certain tumor types such as 

breast, bladder, endometrial, and colon cancer (51).

A recent study by Perreault and colleagues using murine cell lines and human tumor 

samples suggested that neoantigens arising from noncoding regions of the genome such as 

introns, noncoding exons, untranslated regions (UTRs), and complex structural variants may 

represent the majority of tumor-specific neoantigens (27). EREs, a family of repressed 

germline sequences derived from retroviruses that can be reactivated in tumors (53), were 

also found to comprise a substantial proportion of immunogenic epitopes. Although some 

EREs have been identified as tumor-specific and associated with CTL activity in select 

cancer types such as renal cell carcinoma (40), it remains unclear whether ERE expression 

directly induces immunity or arises as a byproduct of inflammation (54). Several other 

potential sources of neoantigens have also recently been identified, including defective 

ribosomal products (55), post-translational alterations of normal proteins such as 

phosphorylation (56) and glycosylation (57), and peptides presented by non-classical and 

less polymorphic MHC molecules such as MR1 (58). Non-canonically translated epitopes 

could account for the paucity of targetable neoantigens that have been experimentally 

validated thus far in most cancers (59). However, ERE-derived epitopes and post-

translationally modified proteins may be expressed to some degree in normal tissues and 

hence tolerogenic, which could limit their clinical utility. Determining the relative MHC 

binding affinity, immunogenicity, and normal tissue expression of most non-canonical 

neoantigens requires further investigation.

In addition to mutated epitopes, proteins derived from oncogenic viruses can also act as 

tumor-specific neoantigens that are not subject to immunological tolerance and may be 

targetable by cancer vaccines or adoptive cell therapies in certain cancers. For example, 

Merkel cell polyomavirus-associated cutaneous carcinomas carry very low TMBs compared 

with ultraviolet light-induced tumors, but are exquisitely sensitive to ICI therapy and 

stimulate robust immune infiltrates (60). Early-phase clinical trials in other pathogen-derived 

cancers have offered additional evidence suggesting that viral antigens may promote 

endogenous immune responses which can be amplified by immunotherapy, including 

adoptive transfer of Epstein-Barr virus (EBV)-specific T-cells in EBV-associated 

lymphomas (61) and vaccination with the E6 and E7 oncoproteins of human papilloma virus 

(HPV) in pre-malignant cervical dysplasia (62). More recently, immunogenomic studies in 

two patients with HPV-associated cervical cancer who achieved a complete response to TIL 

therapy targeting E6 and E7 antigens unexpectedly revealed that the majority of antitumor T-

cell responses were directed against non-viral neoantigens rather than canonical HPV 

peptides (63). These findings suggest that multi-epitope strategies are important for inducing 

polyclonal antitumor immune responses and further underscore the need to prioritize 

immunogenicity in neoantigen selection.
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Immunogenicity of tumor neoantigens

Several computational tools for determining the MHC class I genotype of individual patients 

from exome- or genome-wide and transcriptome sequencing data achieve high concordance 

with PCR-based clinical grade typing (64), although algorithms for MHC class II 

genotyping are typically less reliable and still require further development to improve their 

accuracy (65). By contrast, computational prediction of MHC-peptide binding remains a 

major challenge in neoantigen discovery (reviewed in detail by Finotello and colleagues, ref. 

66). Among the hundreds or even thousands of MHC-binding peptides predicted by 

bioinformatics, only a small proportion of these (estimated at 1 to 3%) are actually presented 

by the MHC and can stimulate effector T-cell activity in vivo. The lack of immunogenicity 

can be attributed to immune suppression in the tumor microenvironment (67), T-cell 

exhaustion due to chronic antigen exposure (68), and absence of a preexisting tumor-specific 

T-cell repertoire (69). The immunogenicity of neoantigens is further shaped by complex 

processes such as post-translational modifications, proteasomal cleavage, and peptide 

transport, which remain difficult to computationally model (70). Consequently, most 

neoantigen prediction pipelines prioritize MHC binding affinity either alone or in 

combination with other parameters that have been hypothesized to govern immunogenicity.

A recent effort by the Tumor Neoantigen Selection Alliance (TELSA) sought to establish an 

integrative model of neoantigen immunogenicity and identified five distinct features that 

determine immune recognition of MHC-I restricted peptides arising from SNVs and small 

indels: MHC binding affinity, binding stability (e.g. expected half-life of MHC-peptide 

interaction), neoantigen clonality, agretopicity (e.g. the fold-difference in MHC binding 

affinity between a mutated peptide and its wild type counterpart), and foreignness (e.g. 

homology to known pathogenic peptides) (71). Other neoantigen features such as the 

hydrophobicity of amino acids at TCR contact residues and mutational position were not 

reported to be predictive of immunogenicity. Notably, many immunogenic neoantigens have 

been identified that exhibit similar MHC binding affinities to their wild type counterparts 

due to mutant amino acids present at a TCR binding position rather than at an MHC anchor 

residue (26, 72), suggesting that agretopicity should only be considered a determinant of 

immunogenicity if an MHC anchor residue is mutated. In functional validation assays using 

matched peripheral blood mononuclear cells (PBMCs) or TILs from patients with metastatic 

melanoma or NSCLC, the TESLA model still achieved sensitivity of 75% and specificity of 

98% for identifying immunogenic peptides. This model does not consider neoantigens 

arising from larger or non-canonical somatic variants and ignores MHC-II restricted 

neoantigens. Validation also relied on de novo T-cell specificities, an approach that may 

neglect neoantigens whose immunogenicity can be enhanced by vaccination or allogeneic 

adoptive T-cell therapy. Experimental validation of neoantigens predicted by in silico 
algorithms thus remains a crucial step for improving the likelihood of clinical response to 

neoantigen-directed immunotherapy.

Several in vitro immunological approaches have been applied to experimentally screen and 

validate the immunogenicity of predicted neoantigens, including MS-based 

immunopeptidomics and T-cell functional assays (Figure 4). MS-based methods (e.g. 

bottom-up shotgun proteomics) typically entail elution of MHC-peptide complexes from 
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patient-derived tumor samples followed by analysis using liquid chromatography coupled 

with tandem MS (73). Raw MS data is searched for spectral matches with reference to wild-

type human proteome databases or to customized peptide databases built in silico from 

patient tumor DNA and/or RNA sequencing, which is necessary for identification of mutated 

neoantigens. Our group and others have found that more than 70% of MS-detected peptides 

cannot be assigned a high confidence identity by conventionally-annotated proteomic 

databases, suggesting a substantial proportion of tumor epitopes arise from non-canonical 

sequences (73).

RNA sequencing generates a large search space of proteins, which limits the sensitivity and 

accuracy of MS search tools and may partly account for this observation (74). Protein 

similarity between related gene families also frequently produce multiple potential matches, 

resulting in many false positive identifications. Large-scale public proteomic databases such 

as the Clinical Proteomic Tumor Analysis Consortium (CPTAC) and novel methods for 

targeted MS (for example, using a selected/multiple reaction monitoring assay) may address 

some of these limitations and improve the sensitivity and specificity of proteomic 

approaches for directly detecting and quantifying neoantigens (75, 76). However, MHC-

bound peptides possess unique features such as conserved anchor motifs that are not well-

represented within tryptic peptide databases; therefore, the annotation of larger 

immunopeptidome databases will be necessary to facilitate higher confidence identifications 

in the future.

T-cell-based approaches can be applied to assess whether MS-predicted peptides are 

recognized by the T-cell repertoire of an individual patient, including enzyme-linked 

immunosorbent spot (ELISpot) (77), multi-colored MHC-peptide tetramer analysis by flow 

cytometry (78), and genetic transfer of neoantigen-specific TCR genes into endogenous T-

cells (ETCs) derived from peripheral blood (79). Detection of ex vivo T-cell reactivity can be 

highly challenging due to the low frequencies of neoantigen-reactive T-cells in patient 

PBMCs and systemic immune suppression that often inhibit the function of these cells. 

Performing in vitro peptide stimulations on patient PBMCs often reveal genuine neoantigen-

specific reactivities, but can also run the risk of stimulating de novo T-cell reactivities. 

Several other notable drawbacks of these cell-based validation assays include lack of 

standardization and labor intensive protocols, which can affect the cost and turnaround time 

for vaccine manufacturing. Recent advances in unbiased high-dimensional screening of 

neoantigen-specific T-cell populations may help overcome some of these limitations. For 

example, mass cytometry (e.g. cytometry by time of flight) in conjunction with multi-color-

labeled MHC-peptide tetramer staining allows direct detection of antigen-specific cells with 

the capacity to simultaneously screen over 100 epitopes in a single blood sample, including 

both MHC-I (80) and MHC-II (81) binding peptides.

This approach has offered several notable insights regarding dynamics of the immune 

response to tumor neoantigens. Newell and colleagues showed that while neoantigen-

specific TIL populations expand following ICI therapy, different neoantigens produce 

phenotypically heterogeneous T-cell clusters that vary in their antitumor activity (as 

measured by granzyme B expression) in a murine model of sarcoma (82). Mass cytometry 

has also been used to show that a significant subset of neoantigen-specific TILs may not be 
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exclusively cancer-specific, demonstrating that TILs can be broadly divided between T-cells 

that are chronically activated and exhausted (as measured by CD39 expression) and 

bystander T-cells that lack CD39 but recognize viral epitopes (such as EBV, influenza virus, 

or cytomegalovirus) (83). Exhaustion markers such as CD39 could thus offer a simple and 

useful method for enriching neoantigen-specific CD8+ T-cells from tumor samples to 

facilitate neoantigen prioritization for the design of personalized immunotherapy.

Evolutionary dynamics of tumor immunogenicity

Immunoediting of neoantigens and MHC

Immunogenomic studies have revealed novel insights into the major mechanisms of immune 

evasion via immunoediting, wherein clonal selection occurs against immunogenic 

neoantigens (Figure 5). Swanton and colleagues examined intra-tumoral neoantigen 

heterogeneity in patients with melanoma and NSCLC using the TCGA dataset (84). The 

authors showed that patients with tumors harboring clonal neoantigens were associated with 

upregulation of immune-related genes, increased CD8+ TILs, and longer overall survival 

than patients whose tumors bore heterogeneous subclonal neoantigens, suggesting that 

epitopes arising from early truncal mutations are more immunogenic than those originating 

from later branched mutations. It was subsequently demonstrated that clonal neoantigens in 

patients with NSCLC can be lost during disease progression after treatment with immune 

checkpoint blockade due to copy number loss of truncal mutations, leading to therapeutic 

resistance (85). These findings have recently been recapitulated in the ongoing Tracking 

Cancer Evolution through Therapy (TRACERx) study of patients with early-stage NSCLC, 

which showed that neoantigens are subject to depletion due to copy number alterations and 

whole-genome doubling events (86). Neoantigen-encoding gene expression can also be 

reduced by loss of heterozygosity (LOH), mutations in regulatory regions of the gene, or 

methylation leading to lack of production of neoantigen transcripts (87, 88).

Immune evasion is also driven by defects in the neoantigen presentation machinery, 

including LOH at the human leukocyte antigen (HLA) locus that encodes the MHC and 

selection of neoantigens with low affinity for an individual’s HLA allelic repertoire. In a 

study of 90 patients with NSCLC, for example, Swanton and colleagues showed that HLA 

LOH occurred in 40% of cases (34). Interestingly, the same HLA allele was lost in spatially 

separate tumor cell populations with increased frequency during metastasis to distant sites 

such as the brain, suggesting evidence of selection for HLA loss during cancer progression. 

HLA loss was typically a subclonal event predicted to occur later during branched evolution. 

HLA LOH was associated with increased expression of tumor neoantigens with binding 

affinity for the lost allele, indicating that immunoediting shapes the mutational landscape of 

cancer. These findings are consistent with another study of genomic and transcriptomic data 

from the TCGA, which showed evidence of selection for neoantigens that were unlikely to 

be presented by patient-specific HLA molecules and thus capable of evading immune 

surveillance (33).

Recent studies have revealed that responses to immunotherapy are significantly dependent 

upon heterozygosity of HLA class I alleles. A study of HLA class I genetics in over 1,500 

patients with NSCLC and melanoma showed that HLA LOH was associated with poorer 
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response to ICIs (89). This study found that patients with HLA-B44 superfamily alleles 

achieved better survival compared to those carrying HLA-B62 alleles, suggesting the HLA-

B44 immunopeptidome may be more diverse and stable in response to ICI therapy. The 

authors further showed that loss of HLA-C alleles had the strongest negative effect on 

survival, possibly due to their role in activating natural killer (NK) cells and their relatively 

restricted spectrum of peptide ligands compared with HLA-A and HLA-B molecules (90). In 

addition to LOH, other changes in the antigen presentation machinery may drive HLA loss 

such as beta-2 microglobulin (β2m) deficiency and defects in interferon (IFN)-γ signaling, 

which have been implicated in resistance to ICI therapy (91).

Selection against MHC class II-binding neoantigens has also been demonstrated in multiple 

cancer types, an evolutionary pressure that may be just as pronounced as selection against 

class I-binding neoantigens. CD4+ T-cells activated by MHC-II-bound peptides exert a 

broad range of regulatory functions that shape immunity, including immunologic memory 

and tolerance as well as cytotoxic behavior similar to their CD8+ counterparts (92). The role 

of neoantigen-specific CD4+ T cells in antitumor immunity has attracted growing interest. 

In a murine model of sarcoma, for example, MHC-II-restricted neoantigens and tumor-

specific CD4+ T-cells are required for maintaining sensitivity to ICI therapy, potentially via 

IFN-γ production in the microenvironment (93). Patients with melanoma and glioblastoma 

immunized with long neoantigen peptides encompassing MHC-I-restricted neoantigens 

preferentially generated MHC-II-restricted CD4+ T-cell responses, suggesting that addition 

of short minimal MHC-I binding peptides may elicit both CD4+ and CD8+ responses (38, 

94). In a recent pan-cancer analysis of the TCGA dataset, Pyke and colleagues showed 

evidence of immunoediting by CD4+ T-cells that selects for driver mutations with poor 

MHC II presentation (95). The authors further showed that MHC-II genotype had a greater 

influence over mutation probability than MHC-I genotype, an effect that was strongest in 

thyroid cancer (which frequently express mutations in the RAS/RAF/MAPK pathway that 

exhibit poor MHC II presentation), as well as low-grade glioma, ovarian cancer, bladder 

cancer, and melanoma. Experimental validation is still needed to determine the relative 

significance of MHC genotype-driven selection of mutations during tumorigenesis.

Clonal evolution of the neoantigen-specific T-cell repertoire

Seminal studies by Galon and colleagues established the importance of the immune 

contexture of tumors in defining clinical outcomes, showing that TIL density is an 

independent predictor of survival in patients with early stage colorectal cancer (96). 

Subsequent studies established the role of TILs in maintaining occult cancers in a state of 

equilibrium and limiting the expansion of transformed cells (97). More recently, novel 

techniques for sequencing of the CDR3 region of the TCRβ chain locus, which contributes 

to the specificity and diversity of TCRs, have allowed further dissection of the tumor-

specific T-cell repertoire by its richness (e.g. the number of unique TCR sequences) and 

clonality (e.g. the relative abundance of distinct sequences). Targeted TCR sequencing in 

patients with advanced melanoma has demonstrated that higher levels of pre-treatment intra-

tumoral T-cell clonality arising from neoantigen-specific clonal expansion is associated with 

improved response to ICI therapy and propagated during the course of treatment (98).
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TCR sequencing can also be applied to interrogate the neoantigen-specific immune 

response. Neoantigen-specific T-cell clones are typically isolated using neoantigen tetramers 

and sequenced to identify their TCRs, which can be transduced into donor T-cells and tested 

for tumor-reactivity by co-culture with matched tumor samples. This approach was used to 

examine the kinetics and distribution of neoantigen-specific T-cell populations in patients 

with early-stage resected NSCLC (99). The authors showed that higher T-cell density in the 

blood and higher T-cell clonality in the tumor-adjacent tissue were associated with increased 

CD8+ T-cell proliferation and improved survival. Notably, T-cell clonality was lower within 

tumors compared with tumor-adjacent tissue. These findings add to a growing body of 

evidence suggesting the frequency of pre-existing neoantigen-specific T-cells in patients is 

generally low (100, 101). Another study of patients with colorectal cancer and ovarian 

cancer demonstrated that 0 to 10% of CD8+ TILs express tumor-reactive TCRs (102). This 

is consistent with other recent reports in patients with melanoma suggesting that 

spontaneous antitumor effector T-cell activity is restricted to a small subset of neoantigens 

that result in an oligoclonal immune response (103, 104). Among patients who respond to 

ICI therapy and demonstrate tumor rejection, immune stimulation leads to expansion of 

tumor-specific T-cell clones, loss of immunologically ignorant T-cell clones, and a 

corresponding decrease in TCR diversity (28).

Oncogenic pathways shape the neoantigen-specific immune response

A growing body of evidence suggests that neoantigen-specific T-cell responses may also be 

suppressed by immunoediting and clonal selection for discrete oncogenic pathways that 

promote immune evasion (105). This phenomenon could pose an additional barrier that must 

be broken in order for neoantigen-directed immunotherapy to result in durable antitumor 

immunity, particularly in cancers showing immune exclusion (e.g. tumors with stromal 

barriers that block T-cell infiltration) or immune deserts (e.g. tumors with defective T-cell 

priming, immunological tolerance, or lack of immunogenic antigens) (106). In patients with 

advanced melanoma, an inverse relationship between activation of WNT/β-catenin signaling 

(involved in lymphopoiesis and hematopoiesis) and T-cell infiltration was demonstrated in 

about half of human melanoma tumor samples (107). Upregulation of WNT/β-catenin was 

also associated with reduced expression of T-cell activation signatures and reduced T-cell 

priming by intra-tumoral DCs (107), a finding that has more recently been found to be 

widespread across multiple cancer types in the TCGA dataset (108). Several other pathways 

have been implicated in regulating T-cell infiltration and priming within the tumor 

microenvironment, including gain of MYC (109) and loss of p53 (110). The PI3K/

PTEN/AKT and RAS/RAF/MAPK pathways can also contribute to immune evasion by 

decreasing immune cell trafficking and increasing tumor expression of inhibitory 

checkpoints such as PD-L1, PD-L2, and soluble factors such as interleukin (IL)-1, 

prostaglandin E2 (PGE2), and indoleamine-2,3-dioxygenase (IDO) (111–113).

Several preclinical and clinical studies are investigating targeted inhibition of these pathways 

as a strategy to optimize de novo T-cell infiltration in the tumor microenvironment and 

improve the effectiveness of immunotherapy. For example, in murine models of colorectal 

and pancreatic cancer, oncogenic mutation of KRAS promotes immunosuppressive 

chemokine pathways, suppresses antigen presentation machinery, and drives resistance to 
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ICI therapy, which can be overcome by inhibition of CXC chemokine receptor 2 (CXCR2) 

signaling (114, 115). In lung adenocarcinoma, tumors harboring both KRAS and STK11 
mutations also exhibit poor T-cell infiltration and resistance to ICIs regardless of TMB status 

(116). Our group recently showed that patients with NSCLC who received both personalized 

neoantigen vaccination and an epidermal growth factor (EGFR) inhibitor achieved 

significantly improved survival compared to vaccination alone, an effect that was mediated 

by enhanced antigen presentation and T-cell infiltration (117). These results are reminiscent 

of previous clinical trials targeting BRAF(V600) in melanoma, in which specific inhibition 

of this MAPK pathway activating oncogene promotes T-cell infiltration, enhancing 

antitumor immunity until the development of resistance (118, 119).

More recently, a phase III clinical trial of the PD-L1 inhibitor atezolizumab added to 

vemurafenib/cobimetinib in BRAF(V600)-mutated melanoma showed a significant increase 

in duration of response compared to BRAF/MEK inhibition alone (120). However, it 

remains unclear whether MAPK inhibitors and ICI therapy act synergistically or only 

additively to induce tumor regression. In BRAF(V600) wild-type melanoma, the 

combination of atezolizumab and cobimetinib did not result in significantly improved 

outcomes compared with ICI monotherapy (121). A phase III clinical trial in patients with 

chemotherapy-refractory microsatellite stable colorectal cancer also failed to demonstrate 

significant clinical benefit from the addition of cobimetinib to atezolizumab (122). Further 

investigation is needed to improve our understanding of canonical oncogenic signaling 

pathways that contribute to immune evasion and resistance to immunotherapy, which may 

guide the design of rational therapeutic combinations that increase the frequency of de novo 
neoantigen-specific T-cells in circulation, uncouple immune suppression in the tumor 

microenvironment, and induce an antitumor immune response.

Promising immunotherapeutic strategies for targeting neoantigens

Therapeutic polyvalent cancer vaccines

The capacity of neoantigen-based therapies to enhance autologous antitumor immunity has 

now been established in several preclinical studies. Sahin and colleagues performed exome 

sequencing of murine melanoma tumors to predict SNV-derived neoantigens and 

synthesized long peptides encoding mutated epitopes (123). Notably, although neoantigen 

peptides were selected based upon potential for MHC class I binding, vaccination resulted in 

a preferential CD4+ T-cell response with concurrent immune rejection of mouse tumors. The 

same group later reported a synthetic RNA vaccine encoding MHC class II-restricted 

neoantigens that produced CD4+ T-cell reactivity as well as CD8+ T-cell responses against a 

neoantigen not included in the vaccine, potentially a result of epitope spreading (124). 

Delamarre and colleagues showed similar evidence in a murine model of colorectal cancer, 

using whole exome and transcriptome sequencing and tandem MS of eluted peptides to 

identify neoantigens (26). The authors then applied in silico tools for predicting MHC class I 

binding and in vivo studies to screen the immunogenicity of predicted neoantigens. Starting 

from tens of thousands of exome variants, putative neoantigens were narrowed to just three 

validated immunogenic epitopes for a synthetic long peptide vaccine, which resulted in 

CD8+ T-cell reactivity and rejection of established mouse tumors. In a murine model of 
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sarcoma, Schreiber and colleagues showed that neoantigen vaccination is similarly effective 

as ICI therapy in inducing tumor rejection (125). When combined with ICIs, vaccination 

resulted in the upregulation of T-cell activation genes in neoantigen-specific T-cells but not 

other CD8+ TILs, showing that personalized multi-epitope vaccines can be used to recruit a 

tumor-specific immune response that can be amplified by ICI therapy.

It remains unknown whether appropriate sequencing of vaccination and ICI therapy may be 

important for the induction of optimal antitumor immunity. For example, use of ICIs prior to 

immunization may be important for initially breaking T-cell tolerance before vaccination; 

conversely, use of ICIs following vaccination may be critical for maintaining vaccine-

induced T-cell responses in vivo. These approaches need not be mutually exclusive, since 

anti-CTLA-4 checkpoint inhibitors that reduce inhibition of T-cell priming utilize a distinct 

mechanism than anti-PD-1 therapy, which is thought to act primarily at the effector stage of 

T-cell responses. Regardless of sequencing, the use of neoantigen vaccines to optimally re-

direct immune responses towards tumor-specific immunity represents a promising approach 

to mitigate the off-target effects and toxicities associated with ICIs.

Several clinical trials in humans have investigated the efficacy of therapeutic cancer 

vaccines, beginning in patients with melanoma using a variety of delivery platforms, 

including neoantigen-loaded DCs (126), synthetic long peptides (41), and neoantigen-

encoding RNA molecules (94). In the DC-based approach, three patients received DCs 

loaded with seven MHC haplotype-matched short peptides. Vaccination amplified pre-

existing T-cell reactivity and generated T-cell responses against one-third of the administered 

neoantigens. The remaining neoantigens were not immunogenic, potentially a consequence 

of using short peptides that were more vulnerable to rapid degradation compared with long 

peptides (127). Given the complex manufacturing process of DC vaccines, simpler 

approaches using long peptides combined with an immune stimulatory adjuvant (such as the 

Toll-like receptor 3 (TLR3) agonist poly-ICLC) and RNA vaccines offer an appealing 

alternative for clinical implementation. In the first in-human peptide and RNA vaccine trials, 

patients exhibited sustained neoantigen-specific T-cell responses detectable in peripheral 

blood, most of which were de novo and preferentially comprised of IFN-γ+ TNF-α+ CD4+ 

T-cells, despite the use of MHC I-restricted neoantigen peptides (41, 94).

More recently, a rapidly growing number of early phase trials have investigated multiple 

strategies for optimizing the clinical benefit of vaccines using myriad delivery platforms and 

combinations with immunomodulatory therapies to overcome the barriers imposed by 

immune exclusion and immune deserts (Figure 6). For example, a phase Ib trial enrolling 

over 80 patients with advanced melanoma, bladder cancer, and NSCLC tested a synthetic 

long peptide vaccine containing up to 20 MHC I-binding neoantigen peptides combined with 

poly-ICLC adjuvant and the anti-PD1 checkpoint inhibitor nivolumab (128). Nivolumab was 

administered for 12 weeks prior to vaccination and continued for up to two years. Patients 

received five priming and two booster vaccinations over a three-month period. The 

combination of anti-PD-1 therapy and vaccination conferred durable clinical and histologic 

responses, including generation of de novo neoantigen-specific CD8+ and CD4+ T-cell 

reactivity with evidence of epitope spreading (128). However, it should be noted that 

determining the contribution of neoantigen vaccination to the clinical responses observed is 
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challenging in non-randomized observational studies, since these cancer types typically 

respond well to ICI monotherapy (41, 94).

Two ongoing phase I/II studies are evaluating ICI therapy combined with a novel prime-

boost vaccine delivery approach using modified chimpanzee adenovirus and self-amplifying 

RNA vectors carrying either patient-specific or shared MHC I-restricted neoantigens 

(ClinicalTrials.gov, NCT03639714 and NCT03953235). Early results from both studies 

suggest this approach is well tolerated and induces neoantigen-specific CD8+ T-cell activity 

in patients with gastroesophageal, lung, and microsatellite stable colon cancer (129). 

However, the use of xenogeneic viral vectors, while providing the advantage of enhanced 

immune responses in the short term, are limited by the viral-specific humoral immune 

responses that can render repeated immunizations ineffective (130, 131). An alternate 

approach was taken by our group in patients with NSCLC, which utilized a personalized 

multi-epitope vaccine containing up to 14 neoantigen peptides with the TLR7 agonist 

imiquimod, an immune adjuvant that preferentially recruits DCs, NK cells, and CTLs upon 

topical application (117, 132, 133). These vaccines were designed to contain an 

approximately 2:1 ratio of short MHC I-binding peptides to long MHC II-binding peptides, 

with the aim of inducing both CD8+ and CD4+ T-cell-mediated immunity. Neoantigen 

peptides were solubilized in saline and administered weekly for a minimum of 12 weeks, 

with the higher frequency of immunizations designed to mitigate the generally short-lived 

nature of saline-based vaccines following administration (134, 135). Notably, we found that 

neoantigens derived from highly shared EGFR driver (L858R) or resistance (T790M) 

mutations were immunogenic and associated with objective clinical responses compared 

with other mutation-derived epitopes, including TP53 mutations. Since EGFR mutations are 

highly shared amongst NSCLC patients, they represent promising targets for the 

development of neoantigen-based immunotherapies. Further analysis of EGFR neoantigens 

revealed a strong skewing of the most frequent EGFR mutations towards presentation by 

members of the HLA-A3 superfamily (117, 132, 133). This study also highlighted a synergy 

between the high frequency of EGFR mutations found in Asian NSCLC patients and the 

high frequency of HLA-A*1101 in the same population, allowing for the demonstration of 

four radiographic (RECIST)-based objective clinical responses in patients co-expressing the 

EGFR(L858R) mutation and HLA-A*1101. Importantly, the A*1101-restricted L858R 

neoantigen KITDFGRAK was shown to be immunogenic in multiple patients that 

experienced tumor regressions, suggesting that this peptide may be one of the most prevalent 

neoantigens in NSCLC (estimated to be expressed by ~7% of Asian patients and ~1.2% of 

Western patients). These findings offer proof-of-concept for targeting truncal driver 

mutations as an optimal strategy for inducing antitumor immune responses through 

vaccination, and also highlight the regional nature of neoantigen presentation. Emerging 

bioinformatic methods to resolve truncal versus branched mutations within individual 

tumors using phylogenetic inference from exome- and genome-wide sequencing data may 

represent a powerful tool for identifying less prevalent, private driver mutations (reviewed in 

detail by Schwartz and Schaffer, ref. 136) that can be targeted by vaccination and other 

neoantigen-directed therapies.
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Neoantigen-specific T-cell receptor gene therapy

A major impediment to the clinical efficacy of therapeutic cancer vaccination is the lack of a 

preexisting polyclonal tumor-specific T-cell repertoire due to thymic negative selection and 

immune suppression that can occur systemically and within the tumor microenvironment. In 

addition to targeted inhibition of oncogenic pathways contributing to immune evasion, 

adoptive transfer of neoantigen-specific T-cells offers another promising approach to 

overcome this obstacle. Unlike chimeric antigen receptor (CAR) T-cells that target 

extracellular antigens that are not cancer-specific and represent only a minority of expressed 

cell proteins (such as CD19 in B-cell leukemias and lymphomas), TCRs recognize 

intracellular peptides displayed on the cell surface by MHC molecules and thus can be 

engineered to better target the tumor-specific immunopeptidome (137). Initial studies of 

TCR-engineered T-cells utilized TCRs specific for overexpressed self-antigens such as 

MART-1 in melanoma (138). Subsequent trials using this approach targeting human 

carcinoembryonic antigen (a tumor-associated antigen) in colorectal cancer (139) and 

MAGE-A3 (a cancer/testis antigen, CTA) in melanoma (140) resulted in severe and even 

fatal autoimmune toxicity due to cross-reactivity with normal tissues (141).

Subsequent trials have shown improvements in safety achieved largely by the use of 

lymphodepleting chemotherapy and selection of self-antigens with low expression by 

normal tissues such as NY-ESO-1 (142), a CTA found primarily in sarcomas, melanoma, 

and ovarian cancer. Although promising in tumors with adequate self-antigen expression, 

tumor-associated antigens and CTAs are present in relatively few cancers and subject to 

immunological tolerance, generally requiring affinity-enhanced manufactured TCRs that 

may increase the risk of off-target autoimmune toxicity (141, 142). By contrast, neoantigen-

specific TCRs naturally exhibit high antigenic affinity, are less susceptible to thymic 

depletion, and can potentially be generated across all cancer types. Rosenberg and 

colleagues are currently testing adoptive T-cell therapy in multiple epithelial cancers using 

both viral vectors and non-viral plasmid-based systems for TCR gene transfer 

(ClinicalTrials.gov, NCT03412877 and NCT04102436). In these studies, patients will 

receive multiple neoantigen-specific TCRs with or without the addition of ICI therapy. A 

subset of patients will be transduced with TCRs targeting mutated oncogenes (e.g. KRAS 
and TP53), an approach that could facilitate development of “off-the-shelf” TCRs for 

neoantigens originating from shared driver mutations.

Neoantigen-specific TCRs can also be readily derived from healthy MHC haplotype-

matched donors (69, 143). In an early phase clinical trial of patients with ovarian cancer, for 

example, this approach required less than two weeks from the time of stimulating donor 

CD8+ T-cells with patient-specific neoantigen peptides to the isolation of neoantigen-

specific TCRs (144). This strategy addresses several key drawbacks of using patient-derived 

T-cells for neoantigen discovery, including myelosuppression from chemotherapy, 

oligoclonal TCR repertoires, and T-cell exhaustion. The use of donor-derived TCRs could 

minimize patient-to-patient variation in the successful isolation of neoantigen-specific T-

cells and help standardize neoantigen selection for cancer immunotherapies. Induced 

pluripotent stem cells have been identified as an additional source of neoantigen-reactive and 

less differentiated T-cells, which can be expanded indefinitely and may exhibit greater 
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antitumor activity than exhausted TILs (137, 145). However, TCR gene transfer approaches 

remain costly, laborious, and time-intensive, which limit their scalability and clinical utility. 

The risks of cross-reactivity with the highly personalized self-antigen repertoire will also 

require further investigation and extensive safety testing. Future clinical trials are needed to 

investigate the efficacy of rational combinations of TCR gene therapy with other 

immunotherapeutic approaches such as cancer vaccines, ICIs, and targeted therapies, which 

may help overcome the barriers of immune evasion in a broad range of cancer types.

Conclusions and future directions

Clonal heterogeneity poses a significant barrier to the durability of conventional anticancer 

monotherapies in patients with advanced malignancies. The diversity of cancer extends from 

the genome to the immunopeptidome, upon which evolutionary processes such as clonal 

selection act to favor immune evasion. Immunotherapeutic manipulation of the tumor-

specific neoantigen landscape offers an appealing approach to target the phenotypic 

plasticity of cancer and potentially abrogate its capacity for clonal evolution. Polyvalent 

vaccine-based strategies could be tailored according to the early truncal mutations expressed 

by individual tumors and reformulated for a patient as their cancer evolves during the course 

of treatment and disease progression. However, several major obstacles currently lay ahead 

of the broader clinical implementation of personalized neoantigen-directed immunotherapy, 

including the technical challenges of accurately detecting and quantifying immunogenic 

tumor neoantigens and knowledge of the precise biological barriers of immune evasion that 

limit the efficacy of immunotherapy within individual patients.

Experimental and in silico methods for identifying mutation-derived neoantigens have 

improved in accuracy but most MHC epitope predictors are heavily biased toward class I 

binders for which training data is available. Consequently, the frequency of targetable 

immunogenic neoantigens is likely significantly underestimated, particularly as most 

neoantigen discovery pipelines lack sensitivity and specificity for class II binders and rare 

MHC allotypes. Conventional exome sequencing also cannot capture non-canonical peptides 

arising from genomic “dark matter,” which may comprise the bulk of novel epitopes 

expressed by tumors. Emerging methods for high-throughput detection of mutation-

associated epitopes such as targeted mass spectrometry, mass cytometry, and TCR 

clonotyping as well as large-scale cancer proteomic data sharing efforts such as CPTAC and 

TESLA will facilitate the enumeration of targetable tumor neoantigens and offer insights 

into the cancer-immune phenotype that cannot be gleaned by genomic profiling alone. These 

tools could also empower novel clinical trial designs utilizing multi-region and longitudinal 

tumor sampling to trace the evolutionary dynamics of the cancer immunopeptidome, which 

may guide the development of immunotherapies that restrict clonal evolution. Other 

important areas of clinical investigation include rational combinations of immunotherapy 

that expand neoantigen-specific T-cell populations, enhance T-cell trafficking to tumors, and 

induce a durable antitumor inflammatory response in cancers that are otherwise 

immunologically “cold”. Utilizing combinations that not only aim to address initial 

antitumor responses but also anticipate and address the inevitable development of treatment 

resistance will be key for inducing complete responses in patients. These ambitious efforts to 

identify multiple personalized tumor targets and potential vulnerabilities will be critical for 
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advancing immunotherapies closer towards the goal of conferring effective immunity against 

any type of malignancy.
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Abbreviations

APCs Antigen-presenting cells

CPTAC Clinical Proteomic Tumor Analysis Consortium

CTL Cytotoxic T lymphocyte

EREs Endogenous retroviral elements

ELISpot Enzyme-linked immunosorbent spot

HLA Human leukocyte antigen

ICI Immune checkpoint inhibitor

indels Insertion and deletions

LOH Loss of heterozygosity

MHC Major histocompatibility complex

MS Mass spectrometry

MART-1 Melanoma Antigen Recognized by T cells 1

MAGE-A3 Melanoma-associated antigen 3

NY-ESO-1 New York Esophageal Squamous Cell Carcinoma-1

NSCLC Non-small cell lung cancer

PD-L1 Programmed death-ligand 1

RECIST Response Evaluation Criteria in Solid Tumours

SNVs Single nucleotide variants

TCR T-cell receptor

TCGA The Cancer Genome Atlas

TRACERx Tracking Cancer Evolution through Therapy
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TIL Tumor infiltrating lymphocyte

TMB Tumor mutation burden

TESLA Tumor Neoantigen Selection Alliance
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Significance:

Several major challenges currently impede the clinical efficacy of neoantigen-directed 

immunotherapy, such as the relative infrequency of immunogenic neoantigens, 

suboptimal potency and priming of de novo tumor-specific T-cells, and tumor cell-

intrinsic and -extrinsic mechanisms of immune evasion. A deeper understanding of these 

biological barriers could help facilitate the development of effective and durable 

immunotherapy for any type of cancer, including immunologically “cold” tumors that are 

otherwise therapeutically resistant.
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Figure 1. The human Major Histocompatibility Complex (MHC) locus on Chromosome 6 
contains several polymorphic antigen-presenting genes encoding Human Leukocyte Antigen 
(HLA) class I and class II molecules.
A defining hallmark of HLA molecules is the presence of thousands of allelic variants 

within the human population encoding for multiple antigen presenting molecules within an 

individual. As a consequence of polymorphism, humans are generally heterozygous at HLA 

loci, and loss of HLA is an important mechanism of immune evasion in cancer. Since HLA 

genes are patient-specific, HLA haplotyping is an essential step in facilitating neoantigen 

prediction, and can be performed using whole genome, exome, or transcriptome sequencing 

of peripheral blood, skin, or tumor samples. HLA class I and class II allelic data as of 

October 2020 from the Immuno Polymorphism Database of the European Molecular 

Biology Laboratory (http://www.ebi.ac.uk/imgt/hla/).
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Figure 2. Structure of antigen-presenting molecules encoded by MHC class I and class II loci.
MHC proteins are heterotrimeric molecules that consist of alpha and beta polypeptide chains 

complexed with peptide. Beta-2 microglobulin (β2m) is unique to MHC class I (MHC-I) 

molecules, and mutations in this gene have been implicated as a mechanism of MHC-I loss 

and immune evasion in cancer. The closed-ended peptide-binding groove of MHC-I 

molecules typically accommodates diverse peptides 8 to 12 amino acids in length that bind 

via anchor residues at the peptide N- and C-termini for presentation to CD8+ cytotoxic T 

lymphocytes. MHC class II (MHC-II) molecules, by contrast, do not have closed-ended 

grooves and can bind longer peptides up to 13 to 28 amino acids in length for presentation to 

CD4+ helper T lymphocytes. Unlike MHC-1I molecules, MHC-II molecules do not use 

dominant binding anchor residues, making the accurate prediction of MHC-II binding 

affinity and stability more challenging. aa, amino acids.
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Figure 3. The landscape of immunogenic neoantigens recognized by cytotoxic T lymphocytes.
Recent studies have extended the tumor-associated neoantigen immunopeptidome far 

beyond epitopes arising from nonsynonymous single nucleotide variants (SNVs). These 

alterations include insertions/deletions (indels), gene fusions, endogenous retroviral 

elements (EREs), complex structural variants, alternative splicing, intron-derived peptides, 

defective ribosomal products, and post-translationally modified proteins. Experimental 

techniques such as RNA sequencing and ribosome profiling (Ribo-Seq) can be applied to 

capture non-canonically translated sequences that are otherwise missed by DNA exome 

sequencing approaches, and serve to vastly expand the breadth of potentially targetable 

personalized neoantigens. NeoAg, neoantigen; TCR, T-cell receptor.
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Figure 4. Identification of personalized neoantigen targets in cancer patients.
Neoantigen discovery pipelines typically begin with whole DNA exome and RNA 

transcriptome sequencing, which can be used to construct a customized database for mass 

spectrometry (MS)-based proteomic analysis of MHC-peptide complexes eluted from tumor 

samples. Tumor mutational analysis combined with HLA typing facilitates prediction of 

allele-specific MHC-I and MHC-II binders using in silico algorithms trained on binding 

affinity or MHC MS eluted ligand datasets. Among the vast number of exome sequence 

variants, only about 1 to 3% are ultimately validated as immunogenic by T-cell functional 

assays. Recent advances in high-dimensional proteomic techniques such as mass cytometry 

(e.g. cytometry by time of flight) offer a high-throughput approach for screening antigen-

specific T-cells. Annotation of larger immunopeptidome databases with both canonical and 

non-canonical peptide candidates will be important for improving the accuracy of MS-based 

neoantigen discovery. IP, immunoprecipitation; PDX, patient-derived xenograft.
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Figure 5. Multiple mechanisms of immunoediting can lead to the loss of tumor cell recognition 
by antigen-specific T-cells.
Seminal studies established the conceptual framework of cancer immunoediting wherein 

tumors evade immune recognition through selection for clones with decreased 

immunogenicity (20). Immunoediting may act upon several substrates, including tumor 

neoantigens, MHC molecules, and the T-cell receptor (TCR) repertoire. Clonal selection 

during tumorigenesis favors an oligoclonal TCR repertoire, loss of heterozygosity at the 

HLA locus, discrete oncogenic signaling pathways involved in immune evasion, and loss of 

immunogenic neoantigens. Several other tumor-extrinsic factors further define the 

immunogenicity of tumors and determine the cancer-immune set point, including immune 

suppression in the tumor microenvironment, impaired T-cell priming, and stromal barriers 

that block T-cell trafficking. These processes represent key barriers that must be overcome 

by immunotherapy to effectuate durable antitumor immunity. TGN, Trans-Golgi Network; 

TAP, transporter associated with antigen processing; ER, endoplasmic reticulum; β2m, 

beta-2 microglobulin; LOH, loss of heterozygosity.
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Figure 6. Identification of tumor-associated neoantigens can lead directly to multiple 
immunotherapeutic interventions to target cancer cells.
Cancer immunotherapy can be broadly categorized by treatments that enhance T-cell 

priming and clonal expansion, increase tumor-specific T-cell trafficking, and overcome 

barriers of immune suppression in the tumor microenvironment. Preclinical and clinical 

studies have shown that polyvalent peptide vaccines induce T-cell priming in lymph nodes 

and robust T-cell activation in the peripheral blood, particularly when combined with an 

immune adjuvant such as poly-ICLC or imiquimod. Isolation and expansion of low-

frequency neoantigen-specific endogenous T-cells (ETCs) from the peripheral blood can be 

applied to promote antitumor responses. ETCs may also be used to validate putative 

neoantigens for vaccines. While technically cumbersome in most epithelial cancers, this 

approach provides the advantage of rapidly implementing neoantigen-specific adoptive T-

cell therapy using only clinical grade peptides and patient-derived peripheral blood. 

Alternatively, tumor-infiltrating lymphocytes (TILs) offer an enriched population of tumor-

specific T-cells but it remains unclear whether these cells retain all neoantigen specificities 

after culturing and expansion ex vivo. This has recently inspired efforts to isolate and clone 

neoantigen-specific TCRs, which can be transduced into ETCs or allogeneic T-cells for 

adoptive cell therapy. Future clinical trials are needed to identify the optimal formulations, 

delivery platforms, and combinations of neoantigen-directed immunotherapy for different 

cancer types. DC, dendritic cell; TLR, Toll-like receptor.
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