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Abstract
Precision medicine represents a paradigm shift in healthcare, emphasizing individualized approaches to disease prevention, 
diagnosis, and treatment based on a patient’s genetic, proteomic, and immunologic profile. In the field of oncology, this para-
digm has gained traction, particularly with the integration of immunotherapeutic modalities. Among the most promising 
advancements are therapeutic cancer vaccines, which harness the body’s immune system to fight tumors more effectively. This 
mini-review highlights recent developments in therapeutic vaccine engineering. It also discusses key barriers to clinical transla-
tion and summarizes findings from contemporary human clinical trials evaluating personalized cancer vaccines. In addition, it 
evaluates the growing potential of these therapies to redefine cancer treatment.
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Introduction
Precision medicine, often called personalized or individualized 
medicine, customizes treatment to a patient’s molecular and im-
mune profile and has become central to modern oncology, particu-
larly immuno-oncology. Personalized cancer immunotherapy is a 
rapidly evolving sphere of research and development that is mov-
ing toward highly individualized treatments, leveraging genetic 
analysis of patient tumors to develop vaccines that elicit specific 
immune responses against unique cancer antigens.1

The scope of precision medicine is broadening to include com-
prehensive strategies, incorporating advancements in early diag-
nostics, and even integrating traditional and Western medical prac-
tices for more effective patient care. Emerging biomarkers such as 
genomic, proteomic, and imaging markers, coupled with artificial 
intelligence (AI)-driven biomarker discovery, are transforming 
personalized medicine by providing detailed information to guide 
treatment decisions.2

Genomic markers: Comprehensive genomic profiling involves 
analyzing a tumor’s DNA and RNA to identify specific mutations, 
copy number variations, and other alterations. This information al-
lows clinicians to match patients with specific targeted therapies, 
such as those targeting a particular gene mutation. It also studies 
how genetic variations affect drug response, helping to optimize 

drug efficacy and minimize adverse drug reactions. Moreover, an-
alyzing circulating tumor DNA from blood samples can provide a 
non-invasive way to monitor treatment effectiveness, detect recur-
rence, and identify treatment resistance.

Proteomic markers: Protein analysis involves studying the 
large-scale set of proteins produced by an organism, which can 
reveal a tumor’s functional state and its response to therapies. Pro-
teomic data can help identify different molecular subtypes of a dis-
ease, leading to more precise diagnoses and treatments. It can also 
identify markers of resistance to certain drugs, which can inform 
treatment adjustments.

Imaging markers: Radiomics, coupled with AI-powered im-
age analysis, extracts quantitative features from medical images 
(computed tomography, magnetic resonance imaging, and his-
topathology) that are not visible to the human eye. These mark-
ers can provide detailed information about tumor heterogeneity, 
shape, and boundaries, which can be used for diagnosis, staging, 
and predicting treatment response. AI systems can automate parts 
of the imaging analysis process, increasing efficiency and consist-
ency for radiologists, and also help predict treatment needs and 
identify patients who may benefit from specific therapies.3 These 
emerging biomarkers are transforming personalized medicine by 
providing detailed information to guide treatment decisions, help-
ing to predict treatment response and disease heterogeneity. This 
mini review aimed to evaluate the role of precision medicine in 
oncology, with a particular focus on therapeutic cancer vaccines.

Cancer immunotherapy
Cancer is relentless because it learns to hide, bend, and reshape the 
immune system to survive. A useful way to frame immune evasion 
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is the “three Cs”: camouflage (reducing antigen visibility), coer-
cion (reprogramming immune cells), and corruption (remodeling 
the microenvironment to suppress immunity). This scaffolds how 
tumors resist therapies and why single agents often fall short, as 
resistance emerges when these escape routes dominate.4 Primary 
resistance reflects baseline non-inflamed phenotypes (few T cells, 
low programmed cell death protein-1/ligand (PD-1/PD-L1), anti-
gen presentation deficits), while acquired resistance often involves 
adaptive upregulation of alternate checkpoints, loss of neoantigens, 
or IFN signaling defects after an initial response. Biomarkers tied 
to resistance include low T-cell infiltration, impaired antigen pres-
entation, interferon pathway alterations, and metabolic signatures; 
these inform rational combinations to restore antitumor immunity. 
There are multiple strategies currently under investigation.5

Immune checkpoint inhibitors (ICIs): The advent of immune 
checkpoint inhibitors has revolutionized the field of cancer im-
munotherapy. ICIs that target Cytotoxic T-lymphocyte associated 
protein 4 (CTLA-4), PD-1, and PD-L1 have transformed care for 
multiple cancers by restoring antitumor T-cell activity and produc-
ing durable responses in subsets of patients.6 ICIs are monoclonal 
antibodies that block inhibitory immune checkpoints, releasing 
constraints on T cells and enabling antitumor immunity.7 Clinical-
ly approved examples include ipilimumab (anti–CTLA-4), pem-
brolizumab and nivolumab (anti–PD-1), and multiple anti–PD-L1 
agents; these drugs produce profound and sometimes long-lasting 
tumor regressions but show variable overall response rates across 
tumor types and are limited by primary and acquired resistance and 
immune-related adverse events such as myocarditis.8

Adoptive cell therapies: Adoptive cell transfer comprises ap-
proaches that isolate, expand, and/or genetically modify autolo-
gous immune cells for reinfusion. TIL therapy isolates tumor-reac-
tive lymphocytes from resected tumors, expands them ex vivo, and 
reinfuses them to achieve durable responses in selected patients 
with solid tumors. Two principal engineered T-cell strategies have 
been developed: chimeric antigen receptor (CAR) T cells, which 
recognize surface antigens in a human leukocyte antigen (HLA)-
independent manner, and T-cell receptor (TCR)-engineered T 
cells, which recognize peptide–HLA complexes and therefore can 
target intracellular antigens.9

CAR T therapy: CAR T-cell therapy has achieved landmark 
clinical successes in hematologic malignancies, leading to multi-
ple approvals by the U.S. Food and Drug Administration (FDA) 
and durable remissions in subsets of patients with B-cell malig-
nancies and multiple myeloma; however, efficacy in solid tumors 
remains limited by tumor trafficking, the immunosuppressive 
tumor microenvironment, antigen heterogeneity, manufacturing 
complexity, cost, and treatment-related toxicities such as cytokine 
release syndrome and neurotoxicity.10

TCR-engineered T cells expand the antigenic repertoire to intra-
cellular, HLA-presented peptides, offering opportunities to target 
more broadly expressed tumor antigens and essential oncogenic 
proteins. They can demonstrate high antigen sensitivity and physi-
ologic signaling, which may improve persistence and tumor rec-
ognition; nevertheless, affinity enhancement and cross-reactivity 
can produce severe, unexpected off-target toxicities, including fa-
tal cardiotoxicity seen in early affinity-enhanced anti–MAGE-A3 
TCR trials due to titin cross-reactivity.11

Natural killer (NK) therapy: NK cells are innate lymphocytes 
with intrinsic antitumor activity and multiple effector mechanisms, 
including missing-self recognition and antibody-dependent cellu-
lar cytotoxicity. CAR NK therapies aim to combine CAR target-
ing with NK biology to produce off-the-shelf, allogeneic products 

with lower graft-versus-host risk and potentially improved safety 
relative to CAR T cells. CAR NK approaches promise allogeneic 
availability and reduced alloreactivity but face challenges includ-
ing efficient gene delivery, in vivo persistence, scalable expansion, 
and target selection for solid tumors.12

Key limitations across immunotherapies include immune resist-
ance mechanisms, antigen escape, limited penetration into solid 
tumors, immune-related toxicity, manufacturing complexity, and 
cost. Current research focuses on combination strategies (ICIs with 
radiotherapy/targeted therapy or adoptive cell transfer), improved 
antigen discovery, engineered safety switches and affinity tun-
ing for TCR/CAR constructs, radiomics and other biomarkers for 
response prediction, and next-generation manufacturing (in vivo 
CAR approaches and allogeneic platforms) to expand access and 
reduce time to treatment.13

Vaccines
Vaccines are biological preparations that stimulate the immune 
system to develop active acquired immunity against infectious 
agents or malignant cells. Traditionally used for disease preven-
tion, vaccines present defined antigens or antigenic material that 
the immune system recognizes as non-self, thereby priming adap-
tive humoral and cellular responses and establishing immunologi-
cal memory. In oncology, the vaccine concept has been extended 
beyond prophylaxis to therapeutic applications that aim to induce 
or augment immune responses against established tumors.

Progress in vaccine engineering—especially in antigen de-
sign, delivery platforms, and adjuvant systems—has significantly 
enhanced the immunogenicity and specificity of these vaccines. 
Among the most transformative innovations is the advent of mes-
senger RNA (mRNA) vaccine technology, which allows for rapid 
and scalable production of individualized vaccines encoding mul-
tiple neoantigens. mRNA vaccines have demonstrated promising 
immunologic and clinical responses in early-phase trials across 
various solid tumors.14

Conventional vaccine platforms
Common conventional vaccine platforms include live attenuated, 
inactivated, and toxoid vaccines, each with distinct immunological 
and logistical properties. Live attenuated vaccines use replication-
competent but weakened organisms to elicit strong, durable im-
munity and often require only one or two doses for long-term pro-
tection (e.g., measles, mumps, and rubella). Inactivated vaccines 
contain killed pathogens and typically require multiple doses or 
boosters to maintain protection because they elicit weaker cellular 
immunity than live vaccines.1 Toxoid vaccines present inactivated 
bacterial toxins to induce neutralizing antibodies (classically used 
for diphtheria and tetanus). Modern platforms also include subunit/
protein, viral vector, DNA, and mRNA vaccines, which vary in 
antigen presentation, safety, manufacturability, and suitability for 
personalization.15

Therapeutic cancer vaccines: concept and vaccine selection
Therapeutic cancer vaccines are designed to treat existing malig-
nancies by directing the immune system against tumor antigens 
rather than preventing infection. Vaccine strategies target either 
shared tumor-associated antigens expressed across patients or 
tumor-specific neoantigens arising from somatic mutations unique 
to an individual’s tumor. Personalized pipelines typically involve 
tumor biopsy, next-generation sequencing, bioinformatic neoan-
tigen prediction, antigen prioritization, and manufacture of a pa-
tient-specific vaccine product (peptide, RNA, DNA, or dendritic 

https://doi.org/10.14218/CSP.20xx.00xxx


DOI: 10.14218/CSP.2025.00023  |  Volume 4 Issue 4, December 2025 201

Murphy J.F.: Personalized vaccines in cancer immunotherapy Cancer Screen Prev

cell–loaded formulation). Neoantigen-targeted vaccines aim to 
exploit sequences not subject to central tolerance, improving the 
likelihood of eliciting high-avidity T-cell responses.16,17

mRNA technology and the rise of personalized vaccines
The rapid acceleration of mRNA vaccine platforms, initially 
driven by the COVID-19 pandemic, is now significantly impact-
ing cancer therapeutics, offering faster manufacturing and tailored 
antigen targeting. mRNA vaccine platforms offer rapid, modular, 
and non-integrating means to encode one or multiple antigens for 
in vivo expression by host cells. Advantages include short devel-
opmental timelines, scalable cell-free manufacturing via in vitro 
transcription, and flexibility to encode personalized neoantigen 
repertoires. Early clinical studies and reviews demonstrate that 
mRNA vaccines can induce polyclonal T-cell responses and are 
amenable to combination with checkpoint blockade and other im-
munotherapies, although regulatory approval for mRNA cancer 
vaccines remains pending.16,18

Mechanisms limiting efficacy and strategies to overcome them
Several biological and practical barriers limit therapeutic vaccine 
efficacy. Tumors employ immune evasion mechanisms such as 
antigen loss or heterogeneity, impaired antigen presentation, up-
regulation of inhibitory pathways (for example, PD-L1), recruit-
ment of immunosuppressive cells, metabolic and enzymatic sup-
pression, and hypoxia within the tumor microenvironment, all of 
which can blunt vaccine-induced responses.19,20 High intratumoral 
heterogeneity may allow a vaccine to control the index lesion yet 
fail against metastatic or antigen-negative subclones. Practical 
constraints include complex, resource-intensive manufacturing 
for personalized and cell-based products, long turnaround times, 
and cost, which hamper broad clinical implementation.21 Current 
development strategies focus on improved neoantigen prediction, 
standardized rapid manufacturing, optimized delivery and ad-
juvant systems, biomarker-guided patient selection, and rational 
combinations with checkpoint inhibitors or therapies that modulate 
the tumor microenvironment.22,23

Clinical landscape and regulatory status
Despite decades of research and innovation, relatively few thera-
peutic cancer vaccines have achieved regulatory approval. This re-
flects the inherent complexity of designing immunotherapies that 
can overcome tumor immune evasion, elicit durable responses, 
and demonstrate consistent efficacy across diverse patient popula-

tions. The development timeline—from antigen discovery through 
preclinical validation, clinical trials, and regulatory review—often 
spans 10–15 years, with many candidates failing due to limited 
immunogenicity or safety concerns.

As of 2025, four therapeutic cancer vaccines have received 
FDA approval and remain active in clinical practice. These agents 
showcase a range of immunological strategies, from autologous 
cell-based therapies to oncolytic viruses and gene delivery plat-
forms. Each has carved out a niche in oncology, offering new hope 
for patients with otherwise limited treatment options.
•	 Sipuleucel-T: Approved for metastatic prostate cancer, it is 

an autologous cellular immunotherapy that stimulates an im-
mune response against prostatic acid phosphatase, an antigen 
expressed by prostate cancer cells.

•	 Bacillus Calmette-Guérin: Used for early-stage bladder cancer, 
Bacillus Calmette-Guérin works by inducing an inflammatory 
response within the bladder that helps eliminate cancer cells.

•	 Nadofaragene firadenovec: Recently approved for early blad-
der cancer, this gene therapy delivers a modified adenovirus 
into the bladder, prompting cells to produce interferon alfa-2b, 
which fights cancer.

•	 T-VEC (Talimogene laherparepvec): Approved for advanced 
melanoma, T-VEC is an oncolytic viral therapy that directly in-
fects and lyses cancer cells, also releasing tumor antigens that 
stimulate an antitumor immune response.
These vaccines not only validate the concept of therapeutic 

immunization but also serve as platforms for future combina-
tion strategies, including checkpoint inhibitors, CAR T cells, and 
personalized neoantigen vaccines. Their success underscores the 
importance of continued investment in immunogenomics, deliv-
ery technologies, and biomarker-driven patient selection. Cancer 
vaccines are now becoming center stage, offering personalized 
treatment options for treatment-resistant cancers, with several 
FDA-approved and investigational vaccines showing continued 
promise. Some of the successes and challenges of this new treat-
ment modality are summarized in Table 1.24–26

Emerging landscape of cancer vaccines
The landscape of cancer vaccine development has evolved sig-
nificantly in recent years due to advances in target identification, 
formulation, manufacturing, and patient stratification, as previ-
ously reported.27 Within the last year, significant developments 
have been reported in vaccine engineering, personalized therapeu-
tic strategies, and the broader integration of precision approaches 
across diverse medical fields. These improvements have led to 

Table 1.  Specific successes and challenges in different cancers

Cancer type Key successes Dominant challenges Tailored approach signals

Melanoma Strong immunogenicity vaccines com-
bined with PD-1 show personalized 
mRNA; off-the-shelf immunomodu-
latory randomized phase data

Heterogeneity of immune 
escape; durability, sequenc-
ing with ICIs, and stand-
ardization of endpoints

Combination with PD 1/PD 
L1, next gen delivery, dual tar-
gets (e.g., IDO + PD L1)

Pancreatic 
cancer

Personalized mRNA vaccines induced 
persistent T cell responses in adjuvant 
settings; expanding into phase 2

Low neoantigen load, immuno-
suppressive TME, rapid relapse

Adjuvant/Minimal residual disease 
focus, vaccine + checkpoint inhibi-
tors + stroma/targeted agents

Brain tumors 
(glioblastoma)

Early human signals of immune 
reprogramming; diverse vaccine 
concepts (mRNA, cell-based)

Profound immunosuppres-
sion, heterogeneity be-
hind BBB, steroid use

Local/neoantigen-rich delivery, 
multimodal combinations (RT/
chemo/ICI), intratumoral strategies

BBB, blood brain barrier; ICI, immune checkpoint inhibitors; IDO, indoleamine 2,3-dioxygenase; mRNA, messenger RNA; PD-1, programmed cell death protein 1; PD L1, pro-
grammed cell death protein ligand 1; RT, radiotherapy; TME, tumor microenvironment.
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a surge in clinical activity, with over 360 active trials currently 
investigating therapeutic cancer vaccines.23 Notably, personal-
ized and antigen-specific approaches are demonstrating promising 
clinical outcomes. One example is VB10.16, a therapeutic DNA 
vaccine targeting human paoillomavirus (HPV) 16 E6/E7 onco-
proteins. It comprises three components: a fusion protein encoding 
HPV16 E6/E7, a dimerization domain, and a targeting unit that 
binds antigen-presenting cells. In a phase I/IIa trial, VB10.16 was 
well tolerated and elicited robust HPV16-specific T-cell responses 
in patients with high-grade cervical intraepithelial neoplasia.28 
Another innovative vaccine, TG4050, utilizes a modified Vaccinia 
virus Ankara vector to deliver patient-specific neoantigens identi-
fied through AI and genomic profiling. In early trials, TG4050 was 
safe, well-tolerated, and induced T-cell responses in patients with 
head and neck squamous cell carcinoma, particularly in immuno-
logically “cold” tumors.

Advances in mRNA vaccine platforms
mRNA-based therapeutics have expanded beyond infectious dis-
eases into oncology.1 Early trials have explored applications in car-
diovascular and genetic disorders; however, cancer poses unique 
challenges due to immune suppression and antigenic heterogeneity 
within the tumor microenvironment.28

Moderna’s phase IIb trial of mRNA-4157/V940, a personalized 
mRNA vaccine encoding up to 34 neoantigens, demonstrated a 
44% reduction in recurrence or death when combined with pem-
brolizumab in high-risk melanoma patients, regardless of tumor 
mutational burden.29 The vaccine was tailored to each patient’s tu-
mor DNA and manufactured within eight weeks. Similarly, Memo-
rial Sloan Kettering Cancer Center reported results from a phase 
I trial using autogene cevumeran, an mRNA vaccine targeting up 
to 20 neoantigens in pancreatic ductal adenocarcinoma. Patients 
treated with atezolizumab and cevumeran showed enhanced T-
cell responses and longer recurrence-free survival compared with 
chemotherapy alone. Strand Therapeutics received FDA clearance 
for STX-001, a programmable mRNA therapy expressing IL-12. 
This platform promotes immunogenic cell death and recruits T and 
NK cells to the tumor microenvironment, enhancing checkpoint 
inhibitor efficacy.29

mRNA vaccines are increasingly recognized for their versa-
tility and rapid development potential. Targeting dendritic cells, 
key antigen-presenting cells, has emerged as a promising strategy 
for enhancing vaccine potency. Clinical data suggest that mRNA 
vaccines act synergistically with ICIs, modulating the immune re-
sponse and improving outcomes. Self-amplifying RNA is a next-
generation platform offering prolonged antigen expression, lower 
dosing, and reduced adverse effects. Although not yet FDA-ap-
proved, Japan has authorized a self-amplifying RNA-based COV-
ID-19 vaccine, paving the way for oncology applications.23

Beyond mRNA, novel approaches include engineered tumor 

cells using CRISPR-Cas9 to secrete interferon-beta and GM-CSF, 
which demonstrated tumor clearance and long-term immunity in 
glioblastoma models. Additionally, BipotentR, a computational tool, 
has identified 38 immune-metabolic regulators that modulate both 
cancer metabolism and immune response, offering new targets for 
immunotherapy-resistant tumors.28 Several groundbreaking cancer 
vaccine trials are underway, including preventive vaccines such as 
LungVax for lung cancer and therapeutic vaccines such as mRNA-
based personalized vaccines for melanoma and breast cancer. These 
trials highlight both individualized and “off-the-shelf” approaches, 
aiming to improve survival, reduce recurrence, and expand access. 
Personalized cancer vaccines have progressed from small feasibil-
ity studies to multicenter phase II programs and randomized trials. 
A 2025 systematic review cataloged 78 ongoing cancer vaccine 
clinical trials, underscoring the rapid expansion of the field. These 
trials reflect diversification across platforms (mRNA, peptide, vi-
ral vectors, dendritic cell-based), indications (melanoma, breast, 
lung, colorectal, pancreatic), and combination strategies—particu-
larly with immune checkpoint inhibitors such as PD-1/PD-L1 and 
CTLA-4 blockade. This convergence highlights the growing role of 
cancer vaccines as both standalone immunotherapies and synergistic 
agents within multimodal treatment regimens.30,31 Some examples 
of the most recent data from these trials are summarized in Table 
2. Together, these approaches are reshaping oncology by combin-
ing precision immunotherapy with industrial-scale manufacturing, 
potentially moving cancer vaccines from niche therapies to main-
stream treatment and prevention.

Regulatory framework
Personalized vaccines represent a novel product class, meaning ex-
isting regulatory standards are often insufficient. Developers face 
uncertainty, as approaches accepted by one agency may not be ac-
cepted by another, complicating a global development strategy. As 
of late 2024/early 2025, the FDA has approved very few personal-
ized vaccines, with Sipuleucel-T for prostate cancer being a nota-
ble, though different-platform, example. The European Union has 
not yet authorized any therapeutic cancer vaccines. The regulatory 
landscape for personalized cancer vaccines remains complex and 
time-consuming, requiring robust evidence of safety, efficacy, and 
quality control, which is challenging to gather for highly individu-
alized, small-batch products.32

For general vaccines such as the COVID-19 shot, the FDA has 
adopted an annual assessment for strain updates, similar to influ-
enza vaccines, a model that might inform aspects of personalized 
medicine development. Moreover, ongoing efforts, including those 
by the World Health Organization, aim to establish universally ap-
plicable principles and standardized protocols for genomic data use 
to promote international collaboration and consistency in regulation.

The reliance on sensitive patient genomic data in personalized 
vaccine development raises significant ethical considerations. An 

Table 2.  Summary of clinical trial outcomes

Vaccine Type Cancer target Phase Key outcome

Duke breast cancer vaccine Therapeutic Breast cancer Long-term follow-up 24 years of disease-free survival

LungVax Preventitive Lung cancer Phase 1 Immune priming against neoantigens

IO112/IO170 Therapeutic Multiple cancers Pre-clinical IND planned for 2026

mRNA-4157/V940 + Keytruda Therapeutic Melanoma, lung, 
colorectal, pancreatic

Phase 2b-3 44% reduced recurrent death

IND, investigational new drug; mRNA, messenger RNA.
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individual’s genome contains highly personal information with po-
tential for misuse by employers, insurers, or governments. Robust 
data governance frameworks, encryption, and compliance with 
privacy regulations (such as the health insurance portability and 
accountability actHIPAA in the U.S.) are crucial to prevent unau-
thorized access and discrimination. Personalized vaccines are ex-
pected to have high manufacturing costs and logistical challenges, 
potentially limiting access in resource-limited settings. Regulatory 
frameworks must incorporate strategies to ensure equitable access 
and prevent disparities in healthcare delivery.33

Future directions and technologies
Precision medicine extends far beyond therapeutic vaccines, encom-
passing diagnostic and therapeutic advancements that are shaping a 
more personalized approach to healthcare. The goal is to tailor medi-
cal decisions, treatments, practices, or products to the individual pa-
tient based on their predicted response or risk of disease. Early de-
tection and accurate diagnosis are foundational to effective precision 
medicine. Recent advancements in screening technologies, such as 
improved methods for pancreatic cancer screening and updated 
guidelines for ovarian and breast cancer screening, are crucial.34 
These diagnostic improvements allow for earlier intervention, which 
can significantly enhance the effectiveness of subsequent precision 
therapies, including therapeutic vaccines.

Recent advances in next-generation sequencing, neoantigen 
prediction algorithms, and nucleic acid-based platforms—par-
ticularly mRNA and DNA technologies—have revitalized interest 
in this approach, enabling the design of vaccines tailored to indi-
vidual tumor mutational landscapes.35 These innovations, coupled 
with improved delivery systems such as lipid nanoparticles and 
viral vectors, have yielded promising results in early-phase clinical 
trials, demonstrating the potential to elicit robust T-cell responses 
against tumor-specific antigens.36

Cancer vaccines are transitioning from artisanal production to-
ward industrialized, automated, and decentralized manufacturing 
models. Advances in platform-ready technologies such as mRNA, 
viral vectors, and peptide backbones enable rapid personalization 
with patient-specific antigens, accelerating timelines and improv-
ing flexibility.37 Dendritic cell vaccines have matured with stand-
ardized protocols for monocyte collection, differentiation, and 
antigen loading, reducing variability and streamlining release test-
ing. Emerging “off-the-shelf” cellular vaccines, including mass-
produced cDC1s, promise scalability and broader accessibility 
compared with individualized autologous products.

Moreover, digital and computational tools, including AI-enabled 
pipelines and vector optimization platforms, are compressing the 
vaccine lifecycle from antigen discovery through robotic manufac-
turing and in-line analytics, enhancing precision and reducing batch 
variability. Bioprocess automation—including closed systems, 
modular skids, and integrated digital monitoring manufacturing 
execution system/laboratory information management system—
supports global manufacturing networks and consistent technology 
transfer, drawing lessons from cell and gene therapy scale-up. End-
to-end digitalization and data-driven quality-by-design approaches 
further improve reproducibility and cost efficiency.38 Decentralized 
and near-patient manufacturing models reduce logistical friction as-
sociated with centralized hubs, potentially lowering costs, though 
they require harmonized quality assurance and regulatory oversight.

Limitations
In spite of all the recent advances, personalized immunotherapy is 

still limited by three main factors:
•	 Data sources: Patient data is fragmented, inconsistent, and of-

ten biased toward certain populations, reducing reliability.
•	 Sample size: Studies frequently involve small, non-diverse co-

horts, which weakens statistical power and generalizability.
•	 Follow-up duration: Outcomes are usually tracked short-term, 

missing late effects and making long-term safety and effective-
ness uncertain.

•	 These constraints hinder the accuracy, scalability, and long-
term impact of personalized treatments. Moreover, other major 
challenges need to be addressed that include:

•	 Cost-effectiveness: Prices exceed $100,000 per patient in the 
U.S., making them unaffordable for many. Effectiveness var-
ies by cancer type and treatment, but predictive biomarkers can 
improve efficiency by targeting patients most likely to benefit.39

•	 Reimbursement hurdles: High upfront costs, limited large-
scale trial data, and differing payment models across countries 
complicate coverage. Innovative approaches like performance-
based or risk-sharing agreements are being tested, but navigat-
ing regulatory bodies adds further complexity.

•	 Global disparities: Access is highly unequal, with low- and 
middle-income countries lacking infrastructure, workforce, and 
representation in clinical trials. This worsens cancer outcomes, 
as patients are often diagnosed late and miss opportunities for 
advanced care.
While personalized immunotherapies hold promise for long-

term savings and better outcomes, their high costs, reimbursement 
barriers, and unequal global access demand coordinated policy, 
funding, and infrastructure solutions.40

Conclusions
Precision medicine and immunotherapy have reshaped cancer 
treatment. While checkpoint inhibitors have revolutionized out-
comes for some patients, recent advances in cancer immuno-
therapy have catalyzed vaccine development as a novel treatment 
modality, with mRNA-based vaccines offering a personalized and 
scalable alternative. Therapeutic cancer vaccines, a cornerstone 
of precision oncology, are designed to elicit targeted immune re-
sponses against tumor-specific antigens. These antigens are typi-
cally derived from the patient’s own tumor, enabling personalized 
vaccines that are uniquely tailored to the molecular characteristics 
of each malignancy. Addressing tumor heterogeneity, optimizing 
delivery routes, and enhancing immune activation are critical for 
future success. Integrating mRNA technologies with immune-
stimulatory platforms is poised to transform cancer care across 
multiple indications.
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