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ABSTRACT 

The development of neoantigen-based cancer vaccines is a breakthrough in personalized 

immunotherapy because of its capability to elicit strong and effective tumor-specific immune 
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responses. Unlike conventional cancer vaccines, neoantigen vaccines target mutations found 

explicitly in tumor cells, thus maximizing specificity and minimizing immune tolerance. The 

review explores the current status of neoantigen vaccines and their mechanisms, development, 

and clinical applications. In contrast, it also explores the challenges of personalized vaccines, 

such as identifying neoantigens and their manufacturing, along with biological factors and 

regulatory hurdles. Future innovations and strategies are discussed to overcome resistance and 

relapse. Critical issues like global access, equity, and scalability must be addressed for its more 

comprehensive implementation. This review article discusses the potential of neoantigen 

vaccines in cancer therapy, detailing ongoing research and clinical trials while addressing the 

persistent challenges that must not be underestimated. 

 

INTRODUCTION 

Cancer, one of the leading causes of mortality worldwide, accounts for millions of deaths 

annually. Despite advances in surgery, chemotherapy, and radiation therapy, traditional 

therapeutic approaches are generally inadequate for achieving long-term control of most 

cancers, particularly at the advanced levels of cancer [1]. Recently, immunotherapy has 

emerged as a new approach to cancer treatment by utilizing the body’s immune system to 

recognize and destroy malignant cells. Among the various immunotherapy applications, cancer 

vaccines have gained the limelight due to their potential to evoke specific immune responses 

against tumors [2]. Cancer vaccines stimulate the immune system to attack cancer cells. The 

fundamental principle of cancer vaccines is to identify molecules that can trigger an immune 

response unique to cancer cells [3]. In contrast, the early development of cancer vaccines 

focused on tumor-associated antigens (TAAs), such as carcinoembryonic antigen (CEA) in 

colorectal cancer and prostate-specific antigen (PSA) in prostate cancer, as both proteins are 

expressed at a higher level in cancer cells than in normal cells. These vaccines aim to provoke 

an immune response by presenting these antigens to the immune system, thereby marking 

cancer cells for destruction [4]. 

However, there were challenges that TAA-based vaccines face, limiting their efficacies. One 

key limitation was tumor antigen heterogeneity, where cancers consist of diverse cell 

populations with different antigenic profiles, allowing some cancer cells to escape immune 

detection if they do not express the targeted TAAs. As TAAs are often self-antigens found at 

lower levels in normal tissues, the immune system becomes tolerant, failing to respond 

effectively. All these challenges highlight the need for more personalized and precise cancer 

vaccination [5]. Advancements in bioinformatics, such as next-generation sequencing (NGS), 
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have made it possible to discover novel peptides of neoantigens that arise from somatic 

mutations specific to tumor cells [6]. TAAs, on the other hand, are not found in normal tissues; 

therefore, neoantigens offer an ideal target for cancer vaccines. This significant evolution 

allows the development of personalized therapies that can overcome the limitations of 

traditional approaches. Neoantigen vaccines are designed to induce powerful T-cell responses 

against such unique, tumor-specific antigens, offering a more effective option for treatment in 

cancer patients [7]. Neoantigens have revolutionized cancer immunotherapy into a truly 

personalized treatment method. These antigens are unique to each patient's cancer since they 

are derived from nonsynonymous mutations in the tumor's genome, making them highly 

specific targets for immune recognition. Unlike TAAs, which are often shared across different 

individuals and types of cancers, neoantigens are patient-specific and recognized as foreign by 

the immune system, preventing immune tolerance. 

The neoantigen-based vaccines are personalized treatments that use the DNA sequence of a 

patient's tumor to identify mutations capable of encoding neoantigens. Selection must be based 

on the capability to bind to the patient's major histocompatibility complex (MHC), hence 

critical for effective T cell recognition. The selected neoantigens will then be synthesized and 

formulated into a vaccine, eliciting a strong and targeted immune response toward the tumor 

[9]. Clinical trials have demonstrated that neoantigen vaccines hold the promise for different 

cancers that have not responded to ordinary therapies. For example, patients with melanoma 

responded strongly, and immune responses were maintained up to four years post-treatment, 

while some remained free from disease. This long-term effect occurs because the vaccine can 

activate T cells that target tumor-specific antigens, thus controlling growth to prevent the tumor 

from reoccurring [10]. 

This review explores the current landscape in neoantigen cancer vaccines, focusing on their 

evolution, immune mechanisms, and integration into therapies, including immune checkpoint 

inhibitors. Subsequently, it discusses technological, biological, and clinical challenges 

associated with the role of AI in vaccine design, as well as ethical issues related to access and 

equity in personalized therapies. Future research directions address overcoming resistance, 

improving platforms, and extending global access. 

 

METHODOLOGY 

The literature review employed a narrative approach to summarize and analyze cancer vaccine 

research, focusing on neoantigen-based immunotherapy. Databases like PubMed, Google 

Scholar, and Web of Science were searched using keywords such as "cancer vaccines" and 
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"neoantigens.". Peer-reviewed articles, clinical trials, and research papers from 2015-2024 

providing significant insights into cancer vaccine development and clinical applications were 

prioritized. Studies lacking relevance, rigorous peer review, or duplicative were excluded. The 

selection process included screening titles, abstracts, and full texts regarding key data derived 

mostly from clinical trials. While the narrative approach tends to give a more comprehensive 

overview of emerging trends and challenges with cancer immunotherapy, potential biases were 

addressed by including older studies to capture the most cutting-edge information. 

 

THE CURRENT STATE OF CANCER VACCINES 

For the last few decades, there has been a significant development in cancer vaccines, with 

recent advancements in tumor immunology incorporated with modern technology. Today, 

cancer vaccines have not been confined to traditional methods but rather extended to highly 

personalized approaches, like neoantigen-based vaccines (Table 1). Generally, conventional 

vaccines against cancer are divided into two: prophylactic and therapeutic, with each specific 

role directed at preventing and treating cancer. Prophylactic vaccines are designed to prevent 

cancers associated with infectious agents, such as viruses, by targeting them before malignant 

transformation. Therapeutic vaccines aim at treating existing cancers by prompting the immune 

system to recognize and attack tumor cells. The development of prophylactic cancer vaccines 

has been successful and promising in preventing virus-associated malignancies. For example, 

the human papillomavirus (HPV) vaccines Gardasil and Cervarix have decreased occurrences 

of cervical cancer through a focus on the high-risk HPV strains responsible for 90% of cases. 

Because it produces neutralizing antibodies that prevent viral infection and subsequent 

malignant transformation [11]. The hepatitis B virus (HBV) vaccine has also reduced the 

incidence of HBV-related hepatocellular carcinoma through the prevention of chronic HBV 

infection, which is considered a major risk factor for liver cancer [12]. 

Therapeutic cancer vaccines, on the other hand, are designed to treat existing cancers by 

stimulating an immune response to TAAs [5]. An example is sipuleucel-T (Provenge), 

approved by the Food and Drug Administration (FDA) for the treatment of metastatic 

castration-resistant prostate cancer. Sipuleucel-T is an autologous cellular immunotherapy 

utilizing a fusion protein of prostatic acid phosphatase (PAP) with granulocyte-macrophage 

colony-stimulating factor (GM-CSF), applied to the patient's dendritic cells. This results in the 

activation of the dendritic cells to stimulate a PAP-targeted immune response, an antigen 

expressed in most prostate cancer cells [13]. 
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Although these vaccines have been successful, the traditional approaches are still highly 

challenged when treating the heterogeneity of tumor antigens. Tumors are composed of several 

cell populations expressing different profiles of antigens. A vaccine targeting only one or a few 

TAAs might fail to eradicate all cancer cells since there is a lack of targeted antigens that allow 

the escape of an immune response and continuous proliferation [14]. In addition, tumors have 

developed different strategies of immune evasion, like genetic heterogeneity, antigen 

expression downregulation, alteration in the pathways of antigen presentation, and 

development of an immune suppressive microenvironment, which counter the traditional 

vaccines [9]. The risk of immune tolerance is a significant hurdle for therapeutic vaccines since 

most TAAs are the overexpressed normal self-antigens. This means that the immune system 

can consequently consider these antigens as self and fail to mount a sufficiently potent 

response, further limiting the success of more conventional vaccines. In this regard, the above 

complexity and dynamism in the biology of tumors signify that there is a clamor for 

sophisticated personalized approaches [15]. 

The advent of neoantigen-based vaccines marks a significant leap forward in cancer 

immunotherapy. Neoantigens are the class of antigens whose specificity lies with the tumor, 

originating from somatic mutations specific to an individual's cancer. In contrast, TAAs are 

often overexpressed proteins in normal and cancerous tissues but are not novel to the tumor. 

This difference confers neoantigens with high immunogenicity and makes them excellent 

targets for personalized cancer vaccines [7]. Neoantigens are usually derived from non-

synonymous mutations that result in the alteration of amino acid sequences of proteins within 

tumor cells. These mutant proteins can be processed by antigen-presenting cells and presented 

by MHC molecules on the surface of cancer cells, from which T cells recognize them as foreign 

substances [16]. Neoantigens found exclusively in the tumor and completely lacking in normal 

tissue do not undergo immune-tolerance mechanisms but rather serve to equilibrate the 

responses to TAAs to more vigorous and concerted responses toward the cancer cells [17]. 

 

Table 1: Traditional Vaccines vs Neoantigen- Based Vaccines 
Characteristics Traditional Cancer Vaccines Neoantigen-Based Vaccines 

Antigen Source TAAs often overexpressed self-antigens Neoantigens, derived from somatic 

mutations unique to the individual’s tumor 

Immune 

Response 

Risk of immune tolerance due to 

antigen similarity with normal cells 

Highly immunogenic, with a strong and 

specific immune response against tumor 

cells 
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Tumor Specificity Limited, as TAAs may be present in 

both normal and cancerous tissues 

High specificity, as neoantigens are unique 

to tumor cells 

Effectiveness Variable, often limited by tumor 

heterogeneity and immune evasion 

Potentially more effective due to 

personalized targeting of tumor-specific 

antigens 

Development 

Complexity 

Less complex, based on known TAAs Highly complex, requiring advanced 

genomic analysis and bioinformatics 

 

Cost and 

Accessibility 

 

Generally lower cost, but limited 

effectiveness in some cases 

 

Higher cost due to personalized nature, with 

challenges in widespread accessibility 

 

Examples 

 

HBV vaccine, sipuleucel-T (Provenge) 

 

Personalized neoantigen vaccines in clinical 

trials for melanoma, glioblastoma 

 

Neoantigen-based vaccine development is technology-intensive and dependent on discoveries 

in genomics and bioinformatics. This is driven by next-generation sequencing, which enables 

a comprehensive analysis of the genetic structure of a tumor. Whole-exome sequencing (WES) 

is commonly used to capture non-synonymous mutations in gene-coding regions. Those 

mutated genes are then put through intricate bioinformatics tools to predict which mutations 

might give rise to peptides that can bind to the patient's MHC molecules, a critical determinant 

of their potential as neoantigens. Integrating artificial intelligence and machine learning into 

this process has further enhanced the accuracy and efficiency of neoantigen prediction. AI-

driven methods for the processing of large volumes of genomic data are used to recognize 

patterns and, in turn, enhance the prediction of neoantigens that are likely to trigger a strong 

immune response. Moreover, such approaches would also be applied in vaccine design 

optimization to predict ideal neoantigen combinations that maximize the therapeutic efficacy 
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of a vaccine (Figure 1) [18,19].  

Figure 1: Overview of Neoantigen Vaccine Development Workflow 

Clinical trials of neoantigen-based vaccines have shown promising results, particularly in 

cancers with high mutational burdens, such as melanoma and non-small cell lung cancer 

(NSCLC). Currently, neoantigen-based vaccines are under evaluation in several clinical trials 

for patients with different types of cancers; some are summarized in Table 2. These span from 

Phase I to Phase II trials and cover various vaccine formulations, from DNA and mRNA to 

peptides, often with additional interventions, including checkpoint inhibitors and 

chemotherapy. 

Table 2: Neoantigen-Based Vaccine Clinical Trials 
 

Clinical Trail ID Country Phase Cancer Type Intervention Status 

NCT05475106 Mexico I Neoplasms Neoantigen 

Peptides 

Recruiting 

NCT01970358 United 

States 

I Melanoma Poly-ICLC, 

Peptides 

Completed 

NCT05749627 China N/A Solid Tumors Neoantigen 

Peptides 

Recruiting 

NCT06341907 China II/III Ovarian Cancer Neoantigen 

Polypeptide 

Recruiting 

Tumor 
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NCT05743595 United 

States 

I Glioblastoma Retifanlimab, 

DNA Vaccine 

Recruiting 

NCT04509167 Mexico I Neoplasms Neoantigen 

Peptides 

Completed 

NCT04015700 United 

States 

I Glioblastoma DNA Vaccine Active 

NCT04397003 United 

States 

II Extensive- 

Stage Small 

Cell Lung 

Cancer 

Durvalumab, 

DNA Vaccine 

Recruiting 

NCT03532217 United 

States 

I Prostate Cancer Nivolumab Completed 

NCT03988283 United 

States 

I Brain Tumor Personalized 

DNA Vaccine 

Recruiting 

NCT05354323 Lithuania I Solid Tumor DNA Vaccine Recruiting 

NCT04251117 United 

States/ 

Newzealand 

I/II Hepatocellular 

Carcinoma 

Pembrolizumab Active 

 

Despite these advancements, neoantigen vaccines face challenges. The technical and 

logistical complexities of neoantigen identification and vaccine production become a huge 

obstacle to clinical implementation. In addition, the high cost of developing personalized 

vaccines can raise concerns about access and equity in cancer treatment. Research is ongoing 

and will focus on how these current hurdles can be overcome to design and deliver improved 

neoantigen vaccines while exploring combinations with other immunotherapeutic strategies 

toward maximal efficacy. 

MECHANISMS OF NEOANTIGEN-BASED CANCER VACCINES 

Neoantigen-based vaccines have marked a transformative step in cancer immunotherapy. The 

foundation of neoantigen vaccine efficacy lies in their capacity to induce a potent and lasting 

immune response, which involves intricate molecular and cellular mechanisms. 

Neoantigen vaccine function is the concept of antigen specificity. The activation of the 

immune response following neoantigen vaccination begins with the uptake of the vaccine by 

antigen-presenting cells, particularly dendritic cells. These cells play a pivotal role in 

processing and presenting antigens to T cells, which is a crucial step for initiating an immune 

response. Upon internalizing the neoantigens, dendritic cells process them into peptide 

fragments and display these fragments on their surface via MHC molecules. The type of MHC 
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molecule involved, either class I or class II, determines the pathway of T cell activation [20]. 

Neoantigens on MHC class I molecules are recognized by CD8+ T cells, leading to the 

activation of cytotoxic T lymphocytes (CTLs). These CTLs are directly responsible for 

identifying and destroying tumor cells expressing the specific neoantigen. Conversely, 

neoantigens presented on MHC class II molecules are recognized by CD4+ T helper cells. 

These helper cells are instrumental in amplifying the immune response, primarily through 

cytokine secretion that enhances the function of CTLs and recruits other immune cells [21]. 

The immune response's specificity is further sharpened by the clonal expansion of T cells that 

recognize the neoantigen. Upon activation, these T cells undergo rapid proliferation and 

differentiate into effector cells capable of targeting and eradicating tumor cells. This 

proliferation is essential for generating a sufficient number of immune cells to mount an 

effective attack against the cancer and inhibit tumor progression [22]. The primary objective 

of neoantigen-based vaccines is to facilitate the destruction of tumor cells. Once CTLs reach 

the tumor site, they recognize cancer cells presenting the neoantigens. The killing of these 

tumor cells is mediated by the release of cytotoxic molecules, such as perforin and granzymes, 

which induce apoptosis, a form of programmed cell death in the target cells. This process not 

only reduces the tumor burden but also releases additional tumor antigens, further stimulating 

the immune system through a process known as epitope spreading [23]. A critical aspect of 

neoantigen-based immunotherapy is the establishment of immune memory. After the initial 

immune response, some T cells differentiate into memory T cells that persist long after the 

vaccine has been administered. These memory T cells provide long-term protection by rapidly 

responding to any tumor recurrence, thus reducing the risk of relapse and offering sustained 

tumor control (Figure 2) [24]. 

Clinical trials have demonstrated that patients vaccinated with neoantigens, particularly those 

with melanoma, can develop long-lasting memory T-cell responses. For instance, in a study 

by Hu et al. (2021), melanoma patients who received personalized neoantigen vaccines 

showed persistent memory T cell responses and epitope spreading over several years [10]. 

This indicates that the immune system remembers the targeted neoantigens and broadens its 

response to other tumor-associated antigens, thereby increasing the chances of long-term 

tumor control. 
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Figure 2: Mechanism of Neoantigen Vaccine Function 

The success of neoantigen vaccines is due to immune activation mechanisms and the 

neoantigens' immunogenicity. Several factors influence the ability of neoantigens to elicit a 

robust immune response (Table 3). 

Table 3: Factors Influencing the Efficacy of Neoantigens 
Factor Description Impact on Neoantigen 

Vaccines 

Tumor Mutation Burden 

[25] 

The number of mutations 

present in a tumor. High 

TMB leads to a greater 

number of neoantigens. 

Tumors with high TMB are 

more likely to generate 

immunogenic neoantigens, 

enhancing vaccine efficacy. 

Binding Affinity for MHC 

Molecules 

[26] 

The strength with which 

neoantigens bind to MHC 

molecules for presentation 

to T cells. 

Higher binding affinity 

improves neoantigen 

presentation and increases 

immunogenicity. 

Tumor Microenvironment 

[27] 

The local environment 

surrounding the tumor, 

including regulatory T cells 

(Tregs) and myeloid-derived 

suppressor cells (MDSCs). 

An immunosuppressive TME 

can hinder vaccine efficacy; 

strategies to modify the TME 

are 

required. 

Bioinformatics and 

Machine Learning  

[28] 

Techniques used to predict 

neoantigen-MHC binding and 

select promising vaccine 
targets. 

Enhances the selection of 

neoantigens with high 

immunogenic potential for 
vaccine development. 

Immune Checkpoint 

Inhibitor 

Checkpoint inhibitors block 

signals that suppress T cell 

Synergistic effect with 

neoantigen vaccines; 
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[29] activity, enhancing immune 

response. 

improves specificity and 

efficacy of the immune 

response. 

Use of Adjuvants 

[30] 

Substances that enhance the 

effectiveness of the vaccine, 

such as those that improve 

dendritic cell function. 

Improves the immune 

response by boosting antigen 

presentation and T 

cell activation. 

CHALLENGES IN THE DEVELOPMENT AND IMPLEMENTATION OF 

NEOANTIGEN VACCINES 

Neoantigen-based vaccines are the most promising in cancer immunotherapy, as they 

mobilize the immune system with specificities against the tumor cells. Nevertheless, with the 

promise come many challenges that must be addressed for successful development and 

implementation.  

One of the fundamental technical challenges is accurately identifying and selecting the 

neoantigens in highly heterogeneous tumors. Tumor cells exhibit significant variability, 

meaning neoantigens in some cells may be absent in others, resulting in incomplete vaccine 

targeting [31]. Advanced bioinformatics approaches for predicting immunogenic neoantigens 

are often error-prone and computationally intensive, requiring significant expertise [32]. 

While next-generation sequencing can analyze the exome and transcriptome, only a fraction 

of the data is relevant for vaccine design, complicating the prediction of peptides capable of 

binding to MHC molecules and eliciting a potent T-cell response [24,33]. Moreover, the 

evolving mutation landscape of tumors can affect vaccine efficacy over time [9]. 

Despite the promising potential of neoantigen vaccines, resistance development remains a 

significant concern. Cancer cells can evolve mechanisms to evade immune recognition, 

reducing vaccine efficacy over time [35]. Some tumors may lose or alter the expression of 

neoantigens, making them less visible to T cells, while others can downregulate MHC 

molecules, impeding the presentation of neoantigens and thus escaping detection by cytotoxic 

T lymphocytes. Additionally, the immunosuppressive tumor microenvironment (TME) often 

inhibits the activity of memory T cells, thereby compromising the maintenance of long-term 

immunity [36]. These challenges necessitate combination therapies, such as pairing 

neoantigen vaccines with immune checkpoint inhibitors (e.g., PD-1/PD-L1 inhibitors), to 

enhance the immune response and counteract the suppressive effects of the TME. 

Although platforms like DNA, mRNA, and synthetic peptide vaccines have shown potential 

as cost-effective strategies, demonstrating their consistent efficacy in cancer therapy has 

proven challenging. Clinical trial data reveal variable therapeutic outcomes. For instance, a 

phase-1 trial involving the personalized neoantigen vaccine, NeoVax, administered to eight 
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patients with stage IIIB/C or IVM1b melanoma, showed that all patients developed persistent 

T-cell responses post-vaccination. However, only 75% (6 out of 8 patients) remained disease-

free over a median follow-up period of four years, suggesting that while the vaccine could 

induce a durable immune response, it did not guarantee complete tumor control [10]. 

Moreover, a phase 3 clinical trial, in which 745 patients (405 with minimal residual disease 

and 338 with significant residual disease) were assigned to receive rindopepimut with 

temozolomide (n=371) or control with temozolomide (n=374). The study was stopped early 

due to futility, showing no significant difference in overall survival for MRD patients. 

Common serious side effects included thrombocytopenia (9% vs. 6%), fatigue (2% vs. 5%), 

and brain edema (2% vs. 3%). Sixteen deaths occurred due to side effects, with one potentially 

linked to rindopepimut. [54]. 

Similarly, a phase 1/2 study on an mRNA-based neoantigen vaccine in non-small cell lung 

cancer (NSCLC) indicated that although 57% (8 out of 14) of patients developed a significant 

T-cell response, only 14% (2 out of 14) experienced objective tumor shrinkage, highlighting 

the limitations of the vaccine's anti-tumor effects [35]. Another trial targeting advanced 

glioblastoma patients with synthetic peptide vaccines demonstrated that only 20% (3 out of 

15) exhibited a significant immune response, with just one patient achieving partial tumor 

regression [35]. These outcomes suggest that while neoantigen vaccines can activate the 

immune system, translating this activation into durable clinical outcomes such as prolonged 

survival or complete tumor regression is not always consistent. 

The variability in response rates emphasizes the need for combination therapies to improve 

efficacy. A recent study showed that combining a neoantigen vaccine with an immune 

checkpoint inhibitor (anti-PD-1 therapy) significantly increased efficacy, with around 55% of 

patients achieving an objective response compared to only 20% with the vaccine alone [40]. 

This finding underscores the potential of combinatorial approaches to enhance the 

effectiveness of neoantigen vaccines, making them more reliable in achieving sustained anti-

tumor responses. Another technical challenge would be the logistical and manufacturing 

complexity of producing personalized vaccines. From this perspective, the production of 

neoantigen vaccines is from conventional vaccines, which are supposed to be mass-produced. 

The synthesis of peptides or nucleic acids of identified neoantigens is a patient-specific 

process and, by definition, time-consuming and expensive [8]. It comprises steps such as 

sequencing, neoantigen prediction, peptide synthesis, and vaccine formulation, each of which 

should take place within a very small time frame so that the vaccine remains relevant to the 
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neoantigen profile of the tumor [34]. These challenges are further aggravated by issues of 

scalability, where such bespoke therapies can only be manufactured at dedicated facilities by 

trained personnel, thereby not being easily accessible, especially in resource-constrained 

settings [35]. Apart from being the technical stumbling block, significant biological hurdles 

stand out and help drive neoantigen vaccine development. Tumor immune escape remains a 

major concern as cancer cells evolve ways of escaping immune detection and destruction. 

One such mechanism includes antigen loss in the case of tumor cells, where they 

downregulate or lose the expression of targeted neoantigens completely [36]. This can be due 

to genetic changes that lead to the loss of the neoantigen or changes in the machinery of 

antigens' presentation, like the loss of MHC molecules. All vaccine benefits are lost if antigen 

loss occurs, as the immune system cannot identify and target the tumor cells [37]. 

The plot thickens with the induction of a tumor immune tolerance microenvironment. Tumors 

recruit immune-suppressive cells such as regulatory T cells, myeloid-derived suppressor cells 

(MDSCs), and tumor-associated macrophages (TAMs) that inhibit the activity of effector T 

cells and other immune cells [38]. Since these immunosuppressive cells exist in the presence 

of immune checkpoint molecules like PD-L1, an unfavorable environment for the activity of 

vaccine-induced T cells would be created [39]. To overcome this challenge, combinatorial 

regimens containing immune checkpoint inhibitors or other agents that modulate the TME are 

now being tested for their ability to enhance neoantigen vaccine efficacy [40]. 

Finally, patient-specific determinants are also variables in the success of neoantigen vaccines. 

Genetic variation in patients, particularly the polymorphic MHC genes, results in variations 

in the binding affinities of neoantigens and, hence, in the ensuing T-cell responses [6]. 

Additionally, the general health and status of the immune system of the patient, which could 

be weakened by age, treatments, or other illnesses, will affect vaccine efficacy [41]. Such 

personalization needs to go a step further in designing vaccination strategies not only around 

the genetic makeup of the tumor but also around the immunological makeup of the patient. 

From a clinical point of view, several safety, efficacy, and regulatory approval issues arise. 

Although neoantigens are tumor-specific and commonly safe, the chance of off-target effects 

may manifest when neoantigens cross-react with peptides originating from normal tissues 

[42]. This may give rise to autoimmune responses with immune cells targeting healthy tissues 

erroneously. Therefore, neoantigens require rigid screening to reduce the risk, which adds 

another dimension of intricacy to the creation of the vaccine [43]. 

As a consequence, further difficulties are faced in the design and implementation of 



Disclaimer: This is not the final version of the article. Further changes may occur after the final version is published. 

 

neoantigen vaccines. The conventional design of clinical trials most often utilizes huge 

cohorts with standard treatment, which could not easily be made relevant for personalized 

therapies like neoantigen vaccines, where each patient receives a uniquely tailored product 

[44]. It requires new trial designs that can incorporate individual treatments and still allow for 

a strong inference in safety and efficacy. For this purpose, adaptive trial designs, which allow 

modifications of the trial protocol based on interim results, are under investigation [24]. 

There is also a huge regulatory barrier. Regulatory agencies like. Whereas pathways for the 

approval of traditional drugs and biologics by both the FDA and EMA are established, the 

highly personalized nature of neoantigen vaccines does not easily fit into these frameworks 

[9]. These include a regulatory process that can accommodate the speed necessary for rapid 

turnaround from production to vaccination and, at the same time, responds to the highly 

individualized nature of the product. Developing new guidelines and frameworks that can 

cater to the peculiar characteristics of neoantigen vaccines is paramount for their successful 

translation into the clinic [23]. 

Navigating the regulatory landscape requires adapting to unique challenges presented by the 

individualized nature of neoantigen vaccines. However, there have been some notable 

successes that offer practical insights for researchers and developers. Provenge (Sipuleucel-

T), developed by Dendreon Corporation, was the first personalized cancer vaccine approved 

by the FDA in 2010 for metastatic castration-resistant prostate cancer, marking a 

breakthrough in personalized immunotherapy [51]. It utilizes the patient’s dendritic cells 

exposed to a fusion protein to trigger an immune response against cancer cells. Provenge's 

success, demonstrated by a significant median survival rate increase of 4.1 months in Phase 

III trials, paved the way for future personalized therapies, highlighting the importance of 

proving clinical benefits and addressing regulatory concerns [52]. Similarly, NeoVax, a 

neoantigen vaccine for melanoma, showed promising results in Phase I trials, gaining FDA 

approval for clinical trials and demonstrating the potential for personalized treatments [53]. 

Key lessons from these approvals include the importance of adaptive trial designs, 

establishing safety and efficacy, and scalable manufacturing practices. Engaging early with 

regulatory agencies, harmonizing clinical trial data, and leveraging real-world evidence are 

essential strategies for navigating regulatory pathways. 

Lastly, the cost and access associated with neoantigen vaccines pose a significant barrier. 

High costs are attributed to the development and production of personalized vaccines and 

logistic challenges in timely distribution to patients, which limit their access, especially in 
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low-resource settings. [35]. Strategies to reduce costs, improve manufacturing efficiency, and 

streamline regulatory processes are essential to making these therapies more widely available 

[45]. 

 

FUTURE DIRECTIONS AND INNOVATIONS IN NEOANTIGEN-BASED CANCER 

VACCINE  

This is a rapidly moving field due to technological advancements at an accelerated time of 

development for neoantigen-based cancer vaccines and also because of the increased insights 

into the biology of tumors. Such a new field holds great promise, with these vaccines now 

leaving the experimental setting and translating into clinical implementation. The present 

section discusses emerging vaccine platforms, strategies for overcoming resistance and relapse, 

and issues related to global access, equity, and scalability. The other critically important aspect 

is the emerging technologies that neoantigen vaccines are based on. Two of the most exciting 

platforms include mRNA-based vaccines and nanoparticle-based delivery systems. These 

vaccines have gotten a lot of attention recently and were successfully applied in COVID-19 

vaccine development. Herein, the synthetic mRNA encoding the neoantigen is expressed 

directly into the cells of the patient, whereby this material is translated to protein. This protein 

is processed and presented to the immune system, thus eliciting a targeted immune response. 

mRNA platforms are flexible in this way, allowing fast design and production of vaccines that 

can be used for treatment matching according to patients' tumors, making them highly 

compatible with personalized cancer therapy. Encouraging results have been published for 

early clinical trials using mRNA neoantigen vaccines in melanoma, showing strong T-cell 

responses and manageable safety profiles. The rapidity with which mRNA vaccines can be 

adapted to respond to an evolving antigenic landscape of the tumor will further position this 

platform as a potent tool in cancer immunotherapy [46]. Of note, gene-editing tools, in 

particular CRISPR-Cas9, harbor exciting possibilities for neoantigen vaccine enhancement. 

The cellular genome of either tumor cells or immune cells can be edited by CRISPR to enhance 

its recognition and response to neoantigens. For example, CRISPR technology can be used to 

knock out genes that allow the bypass of the immune system by the tumor cells by lowering 

the expression of antigens. At the same time, CRISPR technology could also be used for editing 

T cells to modify their specificity for neoantigens, or synthetic receptors may be introduced 

that enhance the activation and persistence of T cells. Such gene-editing strategies can hold 

great potential in the betterment of neoantigen vaccines in eliciting a maximum number of 
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tumor responses for immunotherapy-resistant tumors [47]. Nevertheless, even when 

considering such substantial prospects, resistance and relapse remain a formidable challenge 

to immunotherapy. One way to do this is by hitting multiple neoantigens in a single vaccine. 

Since neoplasms are highly heterogeneous, using this treatment for multiple neoantigens is a 

way to enhance complete tumor eradication, as it becomes more difficult for the tumor to 

evolve escape variants that do not express all antigens targeted. This can be especially effective 

for relapse prevention because the chance of residual tumor cells surviving and reinitiating 

recurrence drops [48]. Other strategies of neoantigen vaccination may include combinatorial 

approaches with other therapeutic modalities that will overcome resistance phenomena and 

further decrease the risk of relapse. Combinations of vaccines with immune checkpoint 

inhibitors will serve to sustain and magnify a vaccine-triggered immune response to prevent 

evasion of tumors from immune surveillance. Moreover, neoantigen vaccines combined with 

other immunotherapies, such as CAR-T cell therapy or TIL therapy, would be a multi-pronged 

attack on the tumor through different pathways and have a decreased chance of resistance to 

any one mechanism. Early clinical trials of such combinatory approaches are starting to show 

promise toward improving patient outcomes [24]. Incorporation of neoantigen vaccines into 

multi-modal treatment regimens that also involve surgery, radiation, and chemotherapy will 

increase their effectiveness. For example, a neoantigen vaccine given post-operation might 

eradicate the remaining cancer cells to prevent the emergence of metastasis. Likewise, 

combined with chemotherapy, the vaccine could synergize and give an overall anti-tumor 

effect. It is crucial that the timing and sequence of these treatments be aligned, and ongoing 

research is focused on the identification of optimal regimens for the maximal benefit of 

neoantigen vaccines [49]. As these neoantigen vaccinations have been increasingly integrated 

into the mainstream management of cancer, global access, equity, and scalability will need to 

be considered and ensured. However, personalized treatments with their accompanying 

requirements in terms of infrastructure and cost and also needing regulations to be approved 

beforehand have challenges associated with making these therapies easily accessible. This 

requires highly advanced infrastructure for the production of personalized neoantigen vaccines, 

including advanced sequencing technologies, bioinformatics platforms, and specialized 

manufacturing facilities capable of producing individualized vaccine formulations. Such 

infrastructure currently does not exist on a large scale in low- and middle-income countries. 

Meeting the challenges will require large investments in healthcare infrastructures, together 

with further technical development, to create new manufacturing processes that are both 

streamlined and more cost-effective to be feasible in a variety of settings [50]. Cost is one of 
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the major hurdles for the general use of neoantigen vaccines. Their personalized nature, 

synthesis, and delivery are all expensive components, making access difficult, especially in 

settings with small health budgets. Most challenging, such as the creation of standardized, off- 

the-shelf components that could be easily tailored for each patient and automation in processes 

involved in vaccine manufacture, are cost-cutting strategies. Further, the public-private 

partnership would help in subsidizing some costs to ensure that these therapies are affordable 

to the patients who need them [35]. The regulatory environment for neoantigen vaccines is 

complicated, just like the field itself, and therefore differs vastly from place to place. Most of 

the national regulatory frameworks for approval of these therapies are under development, 

which is causing a delay in having access to innovative treatment. The harmonization of 

regulatory standards within regions or the development of more streamlined pathways for the 

approval of personalized cancer vaccines will be key to efforts to realize these breakthroughs 

for patients across the globe. International regulatory bodies, like the FDA and EMA, could 

help partners elsewhere to speed up such reviews and approvals with assurances about safety 

and efficacy as soon as high standards are met [9]. 

Improving the scalability of neoantigen vaccines is also crucial for ensuring broader access. 

This includes developing manufacturing processes that can be scaled up to meet the needs of 

large populations and creating distribution networks that can promptly deliver these vaccines 

to patients. Advances in mRNA and nanoparticle technologies and innovations in vaccine 

storage and transport could play a critical role in enhancing scalability. Moreover, fostering 

local production capabilities in diverse regions could help reduce reliance on centralized 

manufacturing and improve the availability of neoantigen vaccines globally [23]. 

 

CONCLUSION 

The development of neoantigen-based cancer vaccines represents a remarkable breakthrough 

in the field of immunotherapy and has the potential to bring new horizons for highly 

personalized cancer treatment. Genome sequencing and bioinformatics technologies for the 

exact identification of tumor-specific neoantigens have been integrated into vaccine design in 

the past decade. Clinical trials have demonstrated their potential to elicit strong and durable 

immune responses, particularly in cancers with high mutational burdens. However, many 

barriers lie in the way of wide adoption at the clinical level. Neoantigen identification, vaccine 

production, and personalized treatment can be technically difficult to facilitate, and at the same 

time, huge costs are associated with these therapies. The effectiveness of these vaccines is 

complicated by the biological hurdles linked to problems such as tumor immune escape. The 
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regulatory frameworks are yet to evolve and be operational, given the peculiar nature of 

personalized therapy, and global access remains a critical issue. 

Continuous innovation in vaccine platforms, including mRNA and nanoparticle-based delivery 

systems, will be key to overcoming current limitations. Neoantigen vaccines and other 

immunotherapies, such as immune checkpoint inhibitors and adoptive cell therapies, give rise 

to potential strategies for increasing treatment effectiveness and reducing relapse rates. 

Throughout this process, the issues of global access and scalability must be discussed to bring 

into play neoantigen vaccines that will benefit every patient, regardless of their geography and 

economic constraints. Neoantigen vaccines hold promise for revolutionizing cancer therapy, 

moving the treatment of cancer from a very general approach to a highly individual strategy 

based on the molecular features of a given person's tumor. 
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