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Abstract
Precision medicine uses information about a person’s genes, proteins, environment, lifestyle, and tumor characteristics to pre-
vent, diagnose, or treat diseases such as cancer. Given recent advances in cancer immunotherapy, there is renewed interest in 
therapeutic cancer vaccines. Some therapeutic cancer vaccines use patient-specific tumor antigens to create individualized vac-
cines, whereas others target shared tumor-associated antigens. Although challenges remain, progress has been made in vaccine 
engineering, particularly with messenger RNA (mRNA)-based platforms. This mini-review focuses on recent developments 
in vaccine engineering, key therapeutic obstacles, and selected human clinical trials, with particular emphasis on personalized 
approaches.
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Introduction
The field of precision medicine, also referred to as personalized 
or individualized medicine, is a burgeoning area of research and 
development, particularly in relation to immunotherapy.1 Tailor-
ing treatment to a specific patient, rather than using more conven-
tional, broad-spectrum treatments, circumvents many of the side 
effects associated with traditional approaches. Cancer immuno-
therapy has emerged at the forefront of this treatment modality, 
especially with the advent of immune checkpoint inhibitors (ICIs), 
which have shown significant clinical benefits against several 
types of cancer.2 These ICIs are monoclonal antibodies directed 
against immunosuppressive molecules, such as programmed cell 
death protein-1 (PD-1), programmed cell death ligand-1 (PD-L1), 
and cytotoxic T-lymphocyte antigen-4. Despite recent progress, 
challenges remain in antigen selection, tumor heterogeneity, im-
mune suppression, manufacturing, and clinical validation. This 
mini-review summarizes recent developments in cancer vaccine 
engineering, key therapeutic obstacles, and selected recent clini-
cal studies, with particular emphasis on mRNA-based approaches.

Precision medicine
Adoptive cell transfer therapy has made enormous progress in 

cancer immunotherapy in recent years by marshaling and ampli-
fying the body’s immune system to fight cancer. Functional im-
mune cells, specifically tumor-infiltrating lymphocytes (TILs), 
which can recognize tumor-derived peptides presented by human 
leukocyte antigen (HLA) molecules, are isolated from the patient’s 
tumor, engineered or expanded ex vivo, and then readministered 
to the same patient.1 This therapeutic modality can be divided 
into three subtypes: unmodified TILs, chimeric antigen receptor 
(CAR)-engineered T cells, and T cells with engineered T-cell re-
ceptors (TCRs).3

The most successful form of this treatment modality is CAR T 
cell therapy. To date, this modality has received six U.S. Food and 
Drug Administration (FDA) approvals for hematological malig-
nancies.4 Although this autologous treatment modality has shown 
considerable success in blood cancers, disadvantages arise from 
difficulty penetrating solid tumors and factors such as excessive 
costs, toxic side effects, and lack of tumor-specific antigens. T 
cells expressing engineered TCRs represent another therapeutic al-
ternative, as their target repertoire is not limited to membrane pro-
teins. Moreover, intrinsic features such as high antigen sensitivity 
and near-physiological signaling can improve tumor cell detection 
and destruction with improved T cell persistence.5 However, engi-
neered TCRs can show off-target cross-reactivity; in one clinical 
experience, an affinity-enhanced MAGE-A3 TCR cross-reacted 
with a titin-derived peptide expressed in cardiac muscle, causing 
fatal cardiotoxicity.6

Natural killer (NK) cell therapy is currently emerging as an at-
tractive option, as it offers several advantages over CAR T cell 
therapies, including multiple mechanisms of action and reduced 
alloreactivity. CAR NK therapy also potentially offers an “off-the-
shelf” allogeneic product, eliminating the need for a personalized, 
patient-specific product associated with current CAR T cell thera-
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pies.7 However, drawbacks of this treatment modality include low 
efficiency of CAR transduction, limited cell expansion, and lack 
of available targets.8

A recent development in this precision medicine approach dem-
onstrated that antitumor T cells in the blood of patients with meta-
static solid cancers can be identified and isolated using a newly 
identified signature. Although these cells are sparse, they can now 
be retrieved without surgery and used to develop personalized can-
cer immunotherapies.9 Researchers analyzed T cells using blood 
from patients with metastatic cancer with T cells from within the 
tumor, looking for identical receptors. Using single-cell transcrip-
tomic profiling techniques, they identified unique molecular sig-
natures for antitumor T cells in the blood in six of eight blood 
samples from patients with colorectal cancer, breast cancer, and 
melanoma. Moreover, the T cells from the blood were found to 
be less exhausted than the intra-tumor T cells. These cells can po-
tentially be amplified ex vivo and re-infused into the same patient. 
Based on the antitumor results observed in both pre-clinical stud-
ies and current human clinical trials, this modality may contribute 
to future cancer treatment approaches.10,11

Therapeutic vaccines
Vaccines are biological preparations that elicit an immune re-
sponse and provide active acquired immunity against a particular 
infectious or malignant disease. Vaccine immunization is tradition-
ally thought of as a means of preventing disease, and vaccines con-
tain or encode antigens that prime the immune system to respond 
to a target pathogen or antigen. Examples of conventional vaccine 
platforms include:

Live or attenuated
A weakened form of the pathogen causing the disease elicits 
a strong and long-lasting immune response. One to two doses 
can confer lifetime protection against diseases such as measles, 
mumps, and rubella.

Inactivated
A non-live version of the disease-causing pathogen can induce pro-
tective immunity. This type is generally less immunogenic than a 
live attenuated vaccine and may require booster doses.

Toxoid
Utilizes the toxin created by the pathogen instead of the actual 
pathogen and is used to protect against diphtheria and tetanus. 
Vaccines can also be used therapeutically. Advances in design and 
development have renewed interest in therapeutic vaccination as a 
precision medicine strategy.1 Therapeutic vaccines differ from pre-
ventive or prophylactic vaccines, such as measles and influenza, 
which protect against future disease, in that they prime a patient’s 
immune system to combat an existing disease.11

Therapeutic vaccination for cancer takes advantage of the fact 
that cancer cells possess distinguishing proteins, or antigens, 
which differ from normal cells. Although immune surveillance 
can recognize and eliminate abnormal cells, tumors can develop 
mechanisms to evade immune detection. For this reason, there is a 
current focus on vaccines not as a means of preventing cancer but 
treating it. Initially, research efforts concentrated on developing 
vaccines against shared proteins commonly expressed in certain 
cancers. However, the failure of this strategy in large clinical tri-
als in the mid-2010s has shifted the focus toward personalized ap-
proaches.12

Personalized cancer vaccines are tailored specifically to indi-
vidual patients. They work by:
•	 Inducing antigen-specific CD4+ and/or CD8+ T-cell responses 

against tumor-derived antigens;
•	 Promoting immune recognition and elimination of tumor cells 

presenting those antigens, with the potential to generate immu-
nologic memory.
Cancer cells can generate mutated proteins that the immune 

system recognizes as foreign, prompting an immune response. 
Individualized vaccine approaches commonly focus on identify-
ing tumor-specific neoantigens. Tumor tissue obtained at biopsy 
or surgery can be genetically analyzed to identify tumor-specific 
neoantigens and other candidate antigens.11 Vaccines can then be 
designed to target selected antigens. Vaccine-induced T cells can 
recognize and destroy tumor cells presenting these antigens, with 
the potential to generate immunologic memory.14

Although enormous progress has been made in recent years 
with cancer vaccines, considerable hurdles remain. For exam-
ple, cell-based vaccines are very labor-intensive, and the process 
of isolating and culturing patient-specific immune cells requires 
substantial resources and expertise, resulting in high production 
costs. Additionally, tumors can develop immune evasion mecha-
nisms and create immunosuppressive microenvironments, which 
include barriers to immune infiltration by anti-cancer immune 
cells, selective recruitment of immunosuppressive cells, induction 
of T cell death, production of immunosuppressive enzymes and 
metabolites, and hypoxic conditions in tumors, all of which can 
hinder vaccine-induced anti-cancer immune responses.15 Moreo-
ver, because of high intratumoral and intertumoral heterogeneity, a 
vaccine targeting antigens from one tumor sample may not cover 
all tumor clones or metastatic sites.16

Vaccine development, from basic research to approval, typi-
cally takes about 5 to 10 years.17 Although a large number of vac-
cine studies are conducted at the preclinical stage, less than 10% of 
vaccines are approved. Four broad cancer vaccine platform types 
are summarized (Table 1).18 A major driver of recent vaccine de-
velopment is the significant progress made with messenger RNA 
(mRNA) development.19,20 The relatively short time required to 
design and manufacture mRNA vaccines encoding selected anti-
gens is a major advantage. mRNA platforms also offer flexibil-
ity for encoding multiple antigens and for rapid manufacturing.21 
Moreover, mRNA platforms can support rapid and scalable manu-
facturing through in vitro transcription. mRNA cancer vaccines 
include both shared-antigen and individualized approaches and 
remain under active clinical investigation.

Although cancer vaccines have been researched for over 30 
years, few have achieved major clinical success. Sipuleucel-T 
(Provenge®), an autologous cellular immunotherapy for metastat-
ic castration-resistant prostate cancer, is the sole cancer vaccine 
approved for clinical use in the United States.22,23

•	 Other FDA-approved cancer immunotherapies are sometimes 
discussed alongside therapeutic cancer vaccines, but their 
mechanisms and regulatory classifications differ:

•	 Bacillus Calmette-Guérin (BCG) is a live attenuated Myco-
bacterium bovis preparation used intravesically to treat certain 
bladder cancers;

•	 Nadofaragene firadenovec (Adstiladrin®) is a non-replicating 
adenoviral vector-based gene therapy approved for high-risk 
BCG-unresponsive non-muscle-invasive bladder cancer;

•	 T-VEC (Imlygic®) is an oncolytic viral therapy used to treat 
certain unresectable melanoma lesions.
This landscape has changed in recent years due to some of the 
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aforementioned advances. Improvements in target identification, 
formulation, manufacturing and development, combination ther-
apy regimens, and patient selection are showing promise. A 2022 
landscape analysis identified approximately 360 active clinical tri-
als of cancer vaccines.23 For example, one study reported results 
from a clinical trial using the VB10.16 vaccine. VB10.16 is a ther-
apeutic vaccine composed of three parts: the first encodes the E6/
E7 fusion protein of human papillomavirus (HPV16 E6/7), which 
plays a key role in developing certain types of cancer; the second 
comprises a dimerization entity; and the third encodes a protein 
that specifically binds to antigen-presenting cells. The authors re-
ported that this vaccine was well tolerated and showed promising 
evidence of efficacy and strong HPV16-specific T-cell responses 
in patients with high-grade cervical intraepithelial neoplasia.24

Another study reported on TG4050, an individualized viral 
vector vaccine comprising a modified Vaccinia virus Ankara vi-
ral vector encoding tumor-specific neoantigens developed using 
advanced genetic engineering and artificial intelligence technolo-
gies. The authors reported that this personalized vaccine was safe, 
well-tolerated, and induced T cell responses in cold tumors from 
patients with head and neck carcinoma.25

Early clinical trials of mRNA therapeutics include studies of 
paracrine vascular endothelial growth factor, mRNA for heart fail-
ure, and CRISPR-Cas9 mRNA for a congenital liver-specific stor-
age disease.26 Developing vaccines against cancer is more chal-
lenging than against infectious diseases due to the weak immune 
response and immunosuppressive effects within the tumor micro-
environment.27 However, progress is being made, and several stud-
ies are reporting positive results.

A randomized phase IIb study reported that the individualized 
neoantigen therapy mRNA-4157 (V940), when combined with 
pembrolizumab, improved recurrence-free survival compared 
with pembrolizumab alone in patients with resected high-risk 
melanoma.28 Exploratory subgroup analyses suggested that the 
recurrence-free survival benefit was similar in tumor mutational 
burden-high and non-high groups. The individualized therapy en-
coded up to 34 patient-specific neoantigens selected from tumor 
sequencing data.

Another recently reported phase I clinical trial from Memo-
rial Sloan Kettering Cancer Center used mRNA vaccines directed 
against the patient’s tumor neo-antigens.29 Tumors were surgically 

removed from patients, and autogene cevumeran was developed 
to encode up to 20 patient-specific neoantigens. After surgery, 
treatment was administered sequentially: atezolizumab, autogene 
cevumeran, and then mFOLFIRINOX; 16 patients received at-
ezolizumab and autogene cevumeran, and 15 of these 16 subse-
quently received mFOLFIRINOX. Eight of 16 vaccinated patients 
generated high-magnitude neoantigen-specific T-cell responses. At 
a median follow-up of 18 months, these vaccine responders had 
a longer median recurrence-free survival (not reached) than non-
responders (13.4 months; P = 0.003). Given the small, non-rand-
omized phase I study, these findings were hypothesis-generating 
rather than definitive evidence of clinical efficacy. A follow-up 
phase II trial (NCT05968326) has opened to build upon this ap-
proach to determine its effectiveness.

Preclinical work on STX-001, a locally administered lipid 
nanoparticle-formulated self-replicating mRNA encoding IL-12, 
reported systemic immune responses and antitumor activity in 
solid-tumor models.30 In preclinical models, STX-001 induced 
immunogenic tumor cell death, promoted T-cell and NK-cell re-
cruitment to the tumor microenvironment, and enhanced antitumor 
responses when combined with PD-1/PD-L1 checkpoint inhibi-
tors. These findings support further clinical evaluation but do not 
establish clinical efficacy.

Future directions
mRNA vaccines are rapidly becoming established as a versatile 
technology for future applications, especially given recent ad-
vances. Directly targeting antigens to immune cells is being in-
vestigated as a strategy to improve vaccine potency. For example, 
dendritic cells are pivotal mediators of both B-cell and T cell im-
munity. Given their potency as antigen-presenting cells, they are 
currently the focus of mRNA-delivery systems targeting immune 
cells for the delivery of cell-specific antigens.31 Clinical studies 
suggest that personalized mRNA vaccination can act as an immune 
modulator and may complement ICIs.32

An addition to the mRNA arsenal is self-amplifying RNA (saR-
NA). saRNA displays several structural similarities to convention-
al mRNA technology and may offer advantages such as prolonged 
antigen expression and lower dose requirements.33 Clinical devel-
opment of saRNA platforms is ongoing. Although no saRNA can-

Table 1.  Cancer vaccine types

Vaccine Description

Cell-based Generated normally from either complete cells or cell fragments, resulting in a wide range of tumor antigens, 
which induce a broad immune response. Examples include dendritic cells (DCs), which can be immunogenic 
but may be expensive and complex to produce.

Viral vector Uses a modified version of a virus as a vector that leads to a strong immune response involving both B and 
T cells. Engineered oncolytic viruses act as vectors capable of presenting high quantities of tumor antigens, 
resulting in long-term memory, but are also complex to produce.

Peptide-based Comprised of synthetic or biosynthetic peptides representing known or predicted tumor-antigen epitopes, 
these vaccines aim to elicit antigen-specific T-cell responses. Their immunogenicity may be limited by the small 
size of peptide epitopes and by major histocompatibility complex (MHC) polymorphisms.

Nucleic acid-based 
(deoxyribonucleic acid 
(DNA) or messenger 
RNA (mRNA))

Capable of encoding full-length tumor antigens, which allows APCs to present multiple antigens simultaneously, 
eliciting strong MHC I-mediated CD8+ T cell responses, resulting in both humoral and cellular immunity. To 
initiate transcription, DNA vaccines must enter the cell nucleus, whereas mRNA vaccines only require entry to 
the cytoplasm to allow antigen translation and expression. DNA vaccines carry the potential risk of inserting 
mutations into the genome, a risk not associated with mRNA vaccines.

APCs, antigen-presenting cells; DCs, dendritic cells; DNA, deoxyribonucleic acid; MHC, major histocompatibility complex; mRNA, messenger RNA.
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cer vaccine had received FDA approval at the time of publication, 
the first self-amplifying mRNA vaccine was approved in Japan for 
COVID-19.34

In addition to the advent of mRNA technologies, other tech-
nologies are also emerging that show promise as anti-cancer 
therapies. One such approach involves the administration of en-
gineered inactivated tumor cells to elicit an immune response. In 
this preclinical study, the authors used CRISPR-Cas9 technology 
to engineer tumor cells to release interferon beta (IFN-β) and gran-
ulocyte-macrophage colony-stimulating factor in a glioblastoma 
humanized mouse model. The engineered therapeutic tumor cells 
not only targeted and eliminated the tumors but also improved sur-
vival and long-term immunity in primary, recurrent, and metastatic 
cancer models.35

Another recent study published in Cancer Discovery report-
ed an approach to identify proteins involved in both cancer cell 
metabolism and immune responses within tumors. The authors 
developed BipotentR, a computational tool designed to identify 
proteins that could disrupt cancer cell metabolism while promot-
ing an immune response in the tumor microenvironment.36 Re-
sults from both preclinical and clinical models that analyzed gene 
expression data revealed that BipotentR identified 38 cancer 
cell-specific immune-metabolic regulators, providing insights 
into patient outcomes post-immunotherapy. Moreover, artificial 
intelligence techniques used to assess the activity levels of these 
regulators within tumors revealed that estrogen-related recep-
tor alpha was highly active in immunotherapy-resistant tumors 
across various cancer types.

Limitations
This narrative mini-review was not based on a systematic literature 
search and therefore may not capture all relevant studies. The field 
is evolving rapidly, and several examples discussed were early-
phase clinical trials, conference abstracts, or preclinical reports; 
efficacy and regulatory status should therefore be interpreted cau-
tiously.

Conclusions
Precision medicine has become an important framework in cancer 
therapy, including immunotherapy. Immune checkpoint blockade 
has improved outcomes for some patients, but additional treatment 
modalities are needed. mRNA-based cancer vaccines are under ac-
tive clinical development, including individualized neoantigen ap-
proaches, but no mRNA cancer vaccine was FDA approved at the 
time of publication. Early-phase and phase II studies have shown 
immunogenicity and encouraging clinical signals in selected solid 
tumors, although larger randomized studies are required to es-
tablish efficacy. Advances in lipid nanoparticle delivery, antigen 
selection, manufacturing, and strategies to address tumor hetero-
geneity and immunosuppression may further strengthen this field.
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