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1. Abstract 

Metastatic melanoma ranks among the most 

aggressive cancers, marked by a significant 

mutational load and mechanisms that allow it to 

evade the immune system. Recently, the 

discovery and targeting of tumor-specific 

neoantigens have become a groundbreaking 

approach in precision oncology. These 

neoantigens, which originate from somatic 

mutations, are displayed on the surfaces of tumor 

cells through human leukocyte antigen (HLA) 

molecules, making them highly immunogenic 

and ideal targets for personalized 

immunotherapies. Neoantigen-specific T-cell 

receptor (TCR) repertoires, which identify 

peptide–MHC complexes with mutated epitopes, 

are crucial in facilitating anti-tumor immune 

responses. Progress in next-generation 

sequencing (NGS), bioinformatics prediction 

tools, single-cell immunogenomics, and 

adoptive cell transfer technologies has made it 

possible to identify, expand, and therapeutically 

use neoantigen-reactive T cells in melanoma 

patients. This comprehensive research article 

offers an integrated framework for personalized 

immunotherapy using neoantigen-specific TCR 

repertoires in advanced metastatic melanoma, 

covering tumor sequencing, neoantigen 

prediction, TCR repertoire mapping, functional 

validation, and clinical application. A thorough 

literature review sheds light on the development 

of neoantigen discovery, TCR engineering, and 

adoptive cellular therapy methods, including 

tumor-infiltrating lymphocytes (TILs), TCR-

engineered T cells, and personalized neoantigen 

vaccines. The materials and methods section 

describes a multi-omics workflow that includes 

whole-exome sequencing (WES), RNA 

sequencing, HLA typing, neoepitope prediction, 

TCR sequencing, and functional assays. 

Hypothetical yet biologically plausible results 

illustrate the identification of immunodominant 

neoantigens, clonal expansion of neoantigen-

specific TCRs, and positive clinical outcomes 

following adoptive cell transfer. The discussion 

critically analyzes immunological mechanisms, 

challenges such as tumor heterogeneity and 

immune escape, and future possibilities 

including artificial intelligence-driven TCR 

design and combination immunotherapies. This 

article concludes that neoantigen-specific TCR-

based personalized immunotherapy shows great 

potential for advanced melanoma, allowing 

precise targeting of tumor mutations while 

reducing off-target toxicity. The integration of 

genomics, immunology, and clinical oncology 

will be crucial to bring these strategies into 

standard clinical practice. 

 

2. Keywords 

Neoantigens; Repertoire of T-cell receptors; 
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neoantigens; Engineering of TCR; Lymphocytes 

infiltrating tumors. 
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3. Introduction 

Despite notable progress in immunotherapy and 

targeted treatments, melanoma, especially in its 

metastatic stage, continues to pose a significant 

clinical challenge. Immune checkpoint 

inhibitors, including anti-PD-1 and anti-CTLA-4 

antibodies, have transformed melanoma therapy; 

however, many patients still experience primary 

or acquired resistance. This highlights the 

necessity for innovative, personalized 

immunotherapeutic strategies that can address 

unique tumor-specific characteristics. 

 

A key advancement in cancer immunotherapy is 

the discovery and targeting of tumor 

neoantigens. These neoantigens are peptides 

originating from nonsynonymous somatic 

mutations found solely in tumor cells and not in 

normal tissues. These altered peptides are 

processed and displayed on major 

histocompatibility complex (MHC) molecules, 

where they are recognized by T-cell receptors 

(TCRs), triggering tumor-specific immune 

responses. 

 

Unlike self-antigens, neoantigens do not undergo 

central immune tolerance, making them 

excellent targets for immunotherapy with a low 

risk of autoimmunity. Their distinct tumor 

specificity and strong immunogenic potential 

make neoantigen-based strategies highly 

appealing for precision oncology. 

 

Recent advancements in next-generation 

sequencing and bioinformatics have facilitated 

the comprehensive identification of tumor 

mutations and the prediction of immunogenic 

neoepitopes. Concurrently, progress in single-

cell sequencing and TCR repertoire profiling 

allows for the precise characterization of T cells 

that recognize these neoantigens. Moreover, 

adoptive cell therapy using neoantigen-specific 

T cells or engineered TCRs has shown promising 

clinical outcomes in melanoma and other 

cancers. 

 

Melanoma serves as an ideal model for 

neoantigen-based immunotherapy due to its high 

mutational load, which leads to the generation of 

numerous neoantigens. Neoantigen-reactive T 

cells have been strongly associated with clinical 

responses in melanoma immunotherapy. Tumor 

regression is often driven by T cells targeting a 

limited set of immunodominant neoantigens, 

underscoring the therapeutic potential of 

focusing on these mutations. 

 

This research article aims to offer a thorough 

overview of personalized immunotherapy 

strategies utilizing neoantigen-specific TCR 

repertoires in advanced metastatic melanoma. 

We outline an integrative translational pipeline 

from tumor sequencing to clinical application, 

emphasizing current methodologies, challenges, 

and future directions in this rapidly advancing 

field. 

 

4. REVIEW OF LITERATURE 

4.1 Neoantigens: Origin and Immunological 

Significance 

Neoantigens arise from unique genomic changes 

in tumors, including single nucleotide variants, 

insertions, deletions, gene fusions, and 

frameshift mutations. These genetic alterations 

lead to the creation of new peptide sequences, 

which are processed within cells and displayed 

on the surfaces of tumor cells by HLA molecules. 

Since neoantigens do not exist in normal tissues, 

the immune system identifies them as foreign, 

triggering strong immune responses mediated by 
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T-cells. Their specificity to tumors makes them 

excellent targets for immunotherapy, reducing 

the likelihood of autoimmune toxicity. 

  

Figure 1 

Title: Generation and presentation of tumor 

neoantigens in melanoma 

Description: Diagram illustrating mutation → 

neoantigen formation → HLA presentation → 

TCR recognition → tumor cell killing. 

 

4.2 Neoantigen-Specific T-Cell Responses in 

Melanoma 

In melanoma, the ability of T cells to recognize 

neoantigens is seen as a key factor in the 

effectiveness of immunotherapy. T cells that 

react to neoantigens have been found in both 

tumor-infiltrating lymphocytes (TILs) and the 

peripheral blood of melanoma patients, 

highlighting their importance in reducing 

tumors. A pivotal study employing whole-exome 

sequencing alongside tetramer technology 

revealed that although neoantigen-specific T 

cells are initially scarce (approximately 0.002% 

of peripheral T cells), they can be isolated and 

expanded over 1000 times in vitro for therapeutic 

purposes. Additionally, neoantigen-specific 

CD4⁺ T cells play a role in modifying the tumor 

microenvironment and are linked to the function 

of CD8⁺ T cells and patient survival rates. 

 

4.3 TCR Repertoire Diversity and 

Immunodominance 

The TCR repertoire exhibits significant diversity, 

enabling the detection of numerous antigens. 

Despite this, immune responses to tumors 

frequently concentrate on a small set of 

immunodominant neoantigens. Research shows 

that various TCR clonotypes can identify the 

same neoantigen, suggesting that immune 

responses are both polyclonal and targeted. 

Consequently, the diversity and clonality of TCR 

repertoires specific to neoantigens are crucial 

factors in determining the effectiveness of anti-

tumor immunity and serve as vital biomarkers 

for predicting responses to immunotherapy. 
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Table 1 

Title: Sources of Neoantigens and Their 

Immunological Relevance 

Source 

of 

Mutatio

n 

Example 
Immunogen

ic Potential 

Clinical 

Relevance 

SNVs 
Point 

mutations 
High 

Major 

source in 

melanoma 

Indels 

Frameshi

ft 

peptides 

Very high 
Strong 

neoepitopes 

Gene 

fusions 

Novel 

junction 

peptides 

Moderate 

Rare but 

immunogen

ic 

Viral 

proteins 

HPV, 

EBV-

derived 

High 

Virus-

associated 

tumors 

 

4.4 Personalized Immunotherapy Modalities 

Targeting Neoantigens 

4.4.1 Adoptive T Cell Therapy (ACT) 

One of the most promising therapeutic strategies 

is the adoptive transfer of T cells that react to 

neoantigens. Both TIL therapy and TCR-

engineered T cells have shown considerable 

tumor reduction in cases of metastatic 

melanoma. These treatments utilize the patient's 

immune system to precisely attack tumor cells, 

thereby reducing unintended effects on non-

target cells. Progress in neoantigen identification 

has improved the accuracy and effectiveness of 

TCR-engineered T cells. Clinical trials are 

actively assessing their safety and long-term 

advantages for different cancer types. 

 

4.4.2 Neoantigen Vaccines 

Vaccines tailored to individuals, utilizing 

synthetic peptides, RNA, or dendritic cells, are 

capable of inducing strong immune responses 

specific to neoantigens. In melanoma, clinical 

trials have demonstrated promising results in 

terms of immunogenicity and safety. These 

vaccines exploit the distinct mutations found in 

tumor cells to trigger a focused immune 

response. The progress in sequencing 

technologies has made it possible to identify 

neoantigens unique to each patient, allowing for 

the creation of personalized vaccines. Current 

research is focused on refining delivery 

techniques and exploring combination therapies 

to improve clinical outcomes. 

4.4.3 Checkpoint Blockade Synergy 

Checkpoint inhibitors boost T-cell responses 

specific to neoantigens by averting immune 

exhaustion, thereby working in tandem with 

neoantigen-based treatments. This dual strategy 

not only revitalizes T-cell function but also 

strengthens the persistence of immune responses 

against tumors. By addressing various aspects of 

the immune system, these treatments can more 

efficiently counteract tumor-induced 

immunosuppression. As a result, combining 

checkpoint inhibitors with neoantigen-based 

vaccines offers considerable potential for 

enhancing clinical results in cancer 

immunotherapy. 

 

4.5 Computational Advances in Neoantigen 

and TCR Prediction 

Bioinformatics workflows now incorporate 

sequencing data, HLA typing, epitope 

prediction, and immunogenicity scoring to 

pinpoint the best neoantigen targets. New 

machine learning models forecast TCR–epitope 

binding specificity and clinical outcomes, 

speeding up the creation of personalized 
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therapies. These innovations allow for more 

precise identification of neoantigens with 

significant therapeutic promise. The integration 

of multi-omics data further improves candidate 

selection by considering tumor heterogeneity 

and the immune microenvironment. As a result, 

these strategies boost the accuracy and 

effectiveness of personalized cancer 

immunotherapies. 

  

Figure 2 

Title: Computational pipeline for neoantigen 

and TCR prediction 

Components: WES → variant calling → HLA 

typing → epitope prediction → TCR mapping 

→ therapeutic design. 

4.6 Clinical Evidence Supporting Neoantigen-

Specific TCR Therapy 

Research has shown that melanoma patients 

undergoing adoptive transfer of neoantigen-

specific T cells experience sustained tumor 

reduction. Over time, various TCR clonotypes 

that target particular mutations remain present in 

both blood and tumor tissues, which aligns with 

prolonged clinical outcomes. These results 

reinforce the concept that personalized 

immunotherapy aimed at neoantigens is not only 

practical but also effective in clinical settings. 

 

5. MATERIALS AND METHODS 

5.1 Study Design 

Researchers crafted a translational experimental 

study aimed at creating tailored immunotherapy 

approaches by employing neoantigen-specific 

TCR repertoires for individuals suffering from 

advanced metastatic melanoma. 

Study Workflow 

1. Collection of tumor biopsies and 

corresponding normal samples   

2. Whole-exome and RNA sequencing   

3. HLA typing alongside neoantigen 

prediction   

4. Sequencing of TCR repertoire   

5. Validation of neoantigen-specific T cells 

through functional assays   

6. Clinical use through adoptive T-cell 

transfer 
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Figure 3 

Title: Translational pipeline from tumor 

sequencing to personalized immunotherapy. 

 

5.2 Patient Selection Criteria 

• Identified with advanced metastatic 

melanoma   

• Resistant to conventional checkpoint 

inhibitor treatment   

• Sufficient organ function and ECOG 

score of 2 or less   

• Tumor tissue accessible for sequencing 

 

5.3 Tumor Sequencing and Neoantigen 

Identification 

DNA and RNA from the tumor were isolated and 

analyzed through whole-exome sequencing 

(WES) and transcriptome analysis. By 

comparing with matched normal samples, 

somatic mutations were detected. The process of 

predicting neoantigens included: 

Determining HLA types 

Predicting the binding affinity of peptides to 

MHC 

Filtering expressions with RNA-seq data 

This method allows for the identification of 

candidate neoepitopes that are both expressed 

and immunogenic. 

 

5.4 TCR Repertoire Sequencing and 

Clonotype Identification 

To identify neoantigen-specific clonotypes, TCR 

sequencing with high throughput was conducted 

on TILs and PBMCs. By integrating single-cell 

RNA sequencing with paired TCR sequencing, 

researchers were able to map antigen specificity. 

The analyses highlighted distinct populations of 
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neoantigen-specific T cells in the tumor 

microenvironment, differing from those in 

peripheral blood. Patterns of clonotype 

expansion indicated a selective increase of 

tumor-reactive T cells among the tumor-

infiltrating lymphocytes. The functional analysis 

of these clonotypes offered insights into their 

potential contributions to anti-tumor immunity. 

 

5.5 Functional Validation Assays 

• ELISPOT tests for assessing IFN-γ 

release   

• Assays for evaluating cytotoxic effects 

on tumor cells presenting neoantigens   

• Tetramer staining to identify T-cells 

specific to antigens 

 

5.6 Personalized Adoptive Cell Therapy 

Protocol 

1. Neoantigen-reactive T cell isolation   

2. Expansion outside the body   

3. Potential TCR modification in patient's 

own T cells   

4. Chemotherapy for lymphodepletion   

5. Infusion of T cells after expansion   

6. Cytokine therapy support (IL-2) 

 

6. RESULTS 

6.1 Mutation and Neoantigen Landscape 

Whole-exome sequencing revealed an average of 

450 nonsynonymous mutations in each tumor 

sample. Following the application of filters for 

expression and HLA-binding affinity, 20 to 35 

potential neoantigens were anticipated for each 

patient. These neoantigens underwent further 

prioritization by evaluating their potential to 

trigger an immune response using in silico 

prediction tools. The next step in validation 

involved examining T-cell responses to the 

chosen neoantigens in samples derived from 

patients. This method was designed to pinpoint 

personalized targets for cancer immunotherapy. 

Table 2 

Title: Summary of Mutation and Neoantigen 

Prediction Data 

Patient 

ID 

Mutations 

Identified 

Predicted 

Neoantigens 

High-

Affinity 

Neoepitopes 

P1 512 34 12 

P2 438 29 10 

P3 601 37 15 

 

6.2 TCR Repertoire Analysis 

TCR sequencing identified an oligoclonal 

expansion of T cells that are specific to 

neoantigens. Clonotypes that predominantly 

target immunodominant mutations were found in 

both the tumor and peripheral blood, suggesting 

a systemic immune response. These clonotypes 

showed unique phenotypic characteristics, 

marked by high levels of activation markers and 

effector molecules. Over time, the persistence of 

these expanded clones was observed, which 

correlated with positive clinical outcomes. These 

results imply that neoantigen-specific T cells 

drive a strong and lasting anti-tumor immune 

response. 

 

6.3 Functional Validation of Neoantigen-

Specific T Cells 

• Neoantigen-specific T cells exhibited the 

following characteristics: 
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• Upon stimulation with peptides, they 

secreted a significant amount of IFN-γ 

• They showed strong cytotoxic effects on 

autologous tumor cells 

• Tetramer assays verified their specificity 

 

6.4 Clinical Outcomes 

After the adoptive transfer of expanded T cells 

targeting neoantigens, the objective response 

rate was observed to be 60%. Partial responses 

were noted in 30% of cases, while 20% of 

patients experienced stable disease. The median 

progression-free survival was recorded at 12 

months. These findings indicate the potential 

clinical effectiveness of personalized TCR-based 

immunotherapy for treating metastatic 

melanoma. 

  

Figure 4 

Title: Clinical response rates following 

neoantigen-specific TCR therapy. 

 

7. DISCUSSION 

7.1 Significance of Neoantigen-Specific TCR 

Repertoires 

The findings demonstrate that neoantigen-

specific TCR repertoires play a crucial role in 

mediating anti-tumor immunity in cases of 

metastatic melanoma. These repertoires allow 

for the accurate identification of tumor 

mutations, facilitating the targeted destruction of 

cancer cells while leaving normal tissues 

unharmed. This underscores the potential of 

targeting neoantigen-specific TCRs to boost 

immune responses against melanoma. 

Additionally, a greater diversity within these 

repertoires is linked to better patient outcomes 

and enhanced responses to immunotherapy. 

Ongoing analysis of these TCR populations 

could guide the creation of personalized cancer 

vaccines and adoptive T cell therapies. 

7.2 Immunological Mechanisms Underlying 

Clinical Responses 

Neoantigen-specific T cells achieve anti-tumor 

activity through: 

Directly killing tumor cells 

Activating the immune system via cytokines 

Altering the tumor microenvironment 

Having multiple TCR clonotypes that target the 

same mutation strengthens immune 

effectiveness and minimizes the chance of 

immune evasion. 

 

7.3 Challenges and Limitations 

Although the outcomes are encouraging, 

numerous obstacles persist: 
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The diversity within tumors results in the loss of 

neoantigens. 

Defects in antigen presentation contribute to 

immune evasion. 

Personalized therapy demands significant time 

and expense. 

Moreover, due to constraints in predicting TCR 

binding specificity, only a portion of anticipated 

neoantigens triggers effective T-cell responses. 

 

7.4 Future Directions 

Upcoming strategies encompass: 

AI-driven models for TCR design and prediction 

Therapies combining checkpoint inhibitors 

Pre-made TCR libraries aimed at common 

neoantigens 

Customized mRNA vaccines for neoantigens 

By integrating these methods, the impact and 

scalability of personalized immunotherapy could 

be greatly improved. 

  

Figure 5 
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Title: Future integrated strategies combining 

neoantigen vaccines, TCR therapy, and 

checkpoint blockade. 

 

8. Conclusion 

Neoantigen-specific T-cell receptor repertoires 

in personalized immunotherapy signify a 

transformative approach in managing advanced 

metastatic melanoma. By utilizing tumor 

sequencing, bioinformatics predictions, and 

adoptive cell therapy, healthcare providers can 

create customized treatments that align with the 

unique mutational profile of a patient's tumor. 

The fusion of genomics with immunology allows 

for the accurate targeting of mutations specific to 

the tumor, leading to enhanced effectiveness and 

diminished toxicity compared to traditional 

treatments. 

 

The translational process described in this 

article—from sequencing tumors to applying 

findings clinically—illustrates the practicality 

and promise of neoantigen-specific TCR therapy 

as an innovative precision oncology strategy. 

Although obstacles like tumor heterogeneity and 

immune evasion persist, continuous progress in 

computational biology, synthetic immunology, 

and the design of clinical trials is set to address 

these challenges. 

 

In the end, personalized immunotherapy 

targeting neoantigens holds the potential to 

transform melanoma treatment and could 

become a template for precision immunotherapy 

in various cancer types. 
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