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ABSTRACT

This review provides a comprehensive overview of the evolving landscape of cancer vaccines, highlighting their potential to revolutionize tumor prevention. Building
on the success of vaccines against virus-related cancers, such as HPV- and HBV-associated cervical and liver cancers, the current challenge is to extend these
achievements to the prevention of non-viral tumors and the treatment of preneoplastic or early neoplastic lesions. This review analyzes the critical aspects of
preventive anti-cancer vaccination, focusing on the choice of target antigens, the development of effective vaccine platforms and technologies, and the use of various

model systems for preclinical testing, from laboratory rodents to companion animals.

1. The many flavors of tumor prevention

The most straightforward way to reduce cancer incidence is by
avoiding human exposure to carcinogens, a strategy known as primary
cancer prevention. This is just one of the preventive strategies conceived
to control cancer’s impact on human health. Malignancy, often resulting
from tumor progression leading to metastatic spread, is the principal
cause of cancer-related death; secondary cancer prevention aims at
preventing neoplastic progression through early diagnosis and
treatment.

There are also tertiary and quaternary forms of prevention, but it
should be noted that such terms are chiefly used by cancer prevention
experts, whereas other health professionals, such as medical oncologists,
may use different terminologies. Tertiary prevention aims at limiting
tumor extension through the prevention of relapse and metastasis; two
effective approaches are prophylactic radiotherapy, which reduces the
risk of local relapse after conservative surgery, and adjuvant drug
therapy, which is administered to patients at risk of having micro-
metastases, to prevent their growth and development. Quaternary pre-
vention is a more recent coinage, to denote strategies aimed at the
reduction of iatrogenic damage, especially in connection with hyper-

medicalization.

Another contemporary term is “cancer interception”, which was the
title of a commentary by Elizabeth Blackburn, published in 2011 by
Cancer Prevention Research (Blackburn, 2011). Undoubtedly, cancer
interception conveys a more proactive and dynamic feeling than “sec-
ondary cancer prevention” — after all, even in cancer prevention, nobody
wants to play a secondary role. “Cancer interception” gained traction,
particularly in the USA, and is now commonly used in the literature.
Domchek and Vonderheide correctly state that “interception is neither
primary prevention per se [...] nor tertiary prevention” (Domchek and
Vonderheide, 2024), clearly equating it with secondary prevention.
However, it should be noted that the term is frequently used more
broadly, and sometimes ambiguously, especially concerning primary
prevention, i.e. in the absence of cancer. Probably “carcinogenesis
interception” would provide a clearer meaning of what is really intended
with “cancer interception”. Still, given the already complex landscape,
we will refrain from introducing further terms and prefer to stick with
the established concepts of “primary” and “secondary” tumor
prevention.

Finally, disease prevention via drug administration is called che-
moprevention. Vaccines and other immunological agents are classified
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as drugs, hence tumor prevention by immunological means, i.e. immu-
noprevention, formally is a subset of chemoprevention. However, the
inherent complexity and uniqueness of the molecular and cellular
mechanisms set in motion by immunological interventions justifies the
attitude of tumor immunologists, who generally regard tumor immu-
noprevention as a distinct and independent form of prevention.

1.1. The development of human tumor chemoprevention and
immunoprevention

In principle, primary prevention is easy: once the carcinogens are
identified, they can be altogether avoided. In practice, however, carci-
nogenic human exposures have been on the rise for the best part of the
last century, despite mounting scientific evidence, both in the workplace
and in everyday life. A significant global reduction in cancer incidence
only began in the 1990s, mainly thanks to the decline in cigarette use
among the male population and the elimination of carcinogens from the
workplace (De Flora et al., 2005).

The implementation at the population level of vaccines against
carcinogenic viruses, beginning with hepatitis B (HBV) in the 1980s,
followed by papillomaviruses (HPV) in the 2000s, revolutionized pri-
mary prevention and marked the earliest successful example of mass
immunoprevention. Long before that, several drugs were shown to
effectively reduce the risk of cancer, but their unfavorable toxicological
profiles hampered and delayed widespread use. Selective estrogen re-
ceptor modulators (SERMs), like tamoxifen and raloxifene, were shown
to reduce breast cancer risk by half and were approved for prevention by
several regulatory agencies in the late 1990s. However, severe side ef-
fects, including the risk of thromboembolism and pro-carcinogenic ef-
fects in other organs, restricted their use to women at high risk of breast
cancer. Major improvements were obtained with aromatase inhibitors,
which have identical efficacy with a reduced set of side effects,
extending their use to women at intermediate risk of breast cancer
(Cuzick et al., 2014). Non-steroidal anti-inflammatory drugs (NSAIDs)
share with anti-estrogens the combination of an effective reduction in
cancer incidence, in this case colorectal cancer, with risks (bleeding)
unacceptable for the general population, thus limiting their application
to high-risk conditions, such as the Lynch syndrome (Bolivar et al.,
2023).

Currently available tumor preventive vaccines vastly outperform
chemopreventive strategies in terms of efficacy, easily reaching risk
reductions close to 100%, vis-a-vis percentages in the 10-50% range for
anti-inflammatory and anti-estrogenic drugs. However, the most strik-
ing difference lies in the absence of severe side effects with vaccines,
which exponentially decreases their risk/benefit ratio to negligible
levels, thus making them suitable for administration to the entire
population.

As papillomaviruses are the sole cause of cervical cancer, and vac-
cines are nearly 100% effective in preventing chronic infection, epide-
miological studies predict a continued reduction in cervical cancer cases
(Hall et al., 2019), potentially leading to the eradication of this deadly
tumor type - the first such eradication in human history, akin to the
elimination of smallpox through vaccination in the last century.

2. Tumor antigens

Cancer vaccines are designed to trigger an immune response against
transformed cells by targeting one or more antigens associated with
malignancies (Fig. 1). Upon administration, the vaccine aims to stimu-
late a specific immune response - ideally, both cellular and humoral -
against these antigens, thereby restoring the immune system’s ability to
selectively target and eliminate cancer cells (Fig. 2). However, para-
doxically, by activating an anti-cancer immune response, cancer vac-
cines may also promote immunoediting, a process in which tumor
subclones with decreased immunogenicity, such as those that lose an-
tigen expression, are selected, allowing them to evade immune
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recognition and to proliferate. To minimize the risk of cancer cells
loosing antigen expression, becoming resistant to the vaccine-induced
immune response, the target antigen must be carefully selected
(Cavallo et al., 2011). Additionally, the timing of immunization is
crucial. When administered to a healthy individual or during the early
stages of cancer, when only a few transformed cells are present, the
vaccine-induced immune response can effectively halt cancer develop-
ment. In such cases, the induction of a strong antibody response may be
significant, especially if the targeted antigen is a highly expressed
membrane protein or receptor that regulates key intracellular pathways.
Indeed, the vaccine-induced antibodies can function as "neutralizing"
agents, binding to the antigen and disrupting its function, either directly
or through indirect effector mechanisms, potentially blocking cancer
progression before it advances (Fig. 2). In contrast, in later stages of
cancer, a robust cytotoxic immune response becomes essential to slow or
impair tumor progression. At this point, however, tumors may activate
immune evasion mechanisms, making it more challenging for the im-
mune system to eliminate cancer cells (Fig. 2). Consequently, a
well-timed and comprehensive immune approach, often combining
vaccination and the administration of other immunostimulatory ap-
proaches, is crucial for effectively controlling and combating cancer
progression.

2.1. The ideal tumor antigen: the concept of oncoantigen

An extensively explored approach to overcoming these issues is the
use of vaccines targeting multiple, unidentified antigens, such as those
derived from the entire protein repertoire of autologous or allogeneic
tumor cells, either administered directly or loaded onto dendritic cells.
While these vaccines have given promising results in preclinical studies,
clinical trials have yielded low response rates and only modest im-
provements in patient survival (Lin et al., 2022). One of the possible
reasons for this limited efficacy is the presence of large quantities of
non-immunogenic and tolerogenic self-antigens in tumor cells that can
inhibit the immune system and dilute the immune response to the few
immunogenic tumor antigens. Consequently, targeting selected tumor
antigens may be more effective in eliciting anti-cancer immune re-
sponses. To this end, the selection of the appropriate antigen for vaccine
development is crucial. To describe such an antigen, we previously
introduced the term “oncoantigen”, which refers to antigens that are
either uniquely or predominantly expressed in cancer cells and are
essential for their survival and proliferation. Targeting oncoantigens is a
strategic approach, as their indispensable role in cancer cell viability
reduces the risk of selecting antigen-loss variants, which would be
markedly impaired in their tumorigenic potential (Lollini et al., 2006).
Beyond the pivotal role in tumorigenesis, the ideal oncoantigen should
avoid triggering autoimmune reactions upon vaccination; thus, its
expression in normal tissues should be minimal or absent. Moreover, in
the context of cancer prevention, an ideal oncoantigen should be
expressed at the pre-neoplastic stage and retained in the eventual tumor.
This would enable the immune system, once primed, to eliminate
transformed cells, thereby preventing tumor development altogether
(Calogero et al., 2008).

2.2. Tumor-associated antigens (TAAs) and tumor-specific antigens
(TSAs)

Tumor antigens have traditionally been classified into two main
categories: tumor-associated antigens (TAAs) and tumor-specific anti-
gens (TSAs). TAAs are non-mutated self-proteins that are aberrantly
expressed in tumor compared to normal cells, either due to over-
expression (e.g., HER2, hTERT, MUC-1), re-expression of the so called
“retired antigens” - cell lineage differentiation proteins poorly present in
adult tissues (e.g., tyrosinase, gp100, MART-1, alpha-lactoglobulin) - or
cancer germline antigens, which are normally expressed only in the
placenta, germline cells, or during embryonic development, e.g.
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Fig. 1. Building a cancer vaccine. The development of a cancer vaccine includes several crucial steps: starting from the selection of the target antigens to optimizing
platforms and delivery systems. Cancer vaccine efficacy is then evaluated in preclinical models, choosing the more representative one.
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Fig. 2. Cancer vaccine: potential mechanisms of action. Inner circle: tumor evolution. Normal cells that develop sporadic mutations can be recognized by the innate
and adaptive immune system that in concert destroy the nascent tumor (elimination phase). If the immune system fails, transformed tumor cells can proliferate to
give rise to a pre-cancerous lesion. The progression into advanced tumors involves the interplay between tumor cells, normal healthy cells, and host defense
mechanisms. Middle circle: immune suppressive mechanisms. As pre-malignant lesions progress into advanced tumors, cells progressively accumulate genetic
mutations and acquire tumor-promoting characteristics; concurrently, the tumor microenvironment (TME) shifts from a tumor-suppressive state to one that supports
tumor growth. These events result in immune evasion, supported by tumor antigen and/or MHC-I complex downmodulation, accumulation of immune-suppressive
molecules and cells in the TME, and significant remodeling of tumor-stroma interactions. External circle: effector-vaccine-induced mechanisms. Cancer vaccines that
deliver tumor antigens, in different formulations (i.e. DNA-, RNA-, peptide-, viral vector-based), are used to trigger a specific anti-cancer vaccine-induced humoral
and cellular immunity. Preventive immunization in healthy people or those with pre-malignant lesions enables both antibodies and CTLs to efficiently activate their
effector functions against cancer cells. In advanced stages, malignant cells become more resistant to immune attack, and the TME actively counteracts the inter-
vention of the vaccine-induced immune response, limiting the effectiveness of anti-cancer vaccines at this stage.

ADCC, Antibody dependent cellular cytotoxicity; CDC, Complement dependent cytotoxicity; CTL, cytotoxic T cell lymphocyte.

members of the MAGE family, NY-ESO-1, PRAME, hTERT (Kong et al., identified to prevent or treat these cancers.
2019). In contrast, TSAs are exclusively expressed in tumor cells and
include neoantigens generated by mutations or genetic alterations, and
oncoviral antigens (Fig. 1). Each category presents unique advantages
and challenges for vaccine development, as discussed hereafter.

As mentioned earlier, the introduction of vaccines targeting onco-
viruses such as HBV and HPV has resulted in a significant reduction in
the incidence of the cancers induced by these viruses. However, the
unfortunate reality is that only a minority of cancer types are known to
be caused by infectious agents. Therefore, other TSAs or TAAs must be

2.3. Off-the-shelf vaccines targeting TAAs for cancer therapy and
prevention

TAAs were the first tumor antigens to be identified and tested in
clinical trials, beginning in the early 1990s. TAAs are widely expressed
across various cancer types, making them attractive targets for off-the-
shelf immunotherapies. Numerous TAAs have been identified to date,
and many have been evaluated as vaccination targets in patients with
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advanced cancer or in the context of tertiary prevention. Most of these
trials have shown promising results in terms of safety and immunoge-
nicity, despite the non-tumor-specific nature of TAAs. Preclinical studies
and clinical trials across different tumor types have demonstrated that
high levels of TAA expression can break central and acquired T cell
tolerance, reaching the threshold for T cell activation. A paradigmatic
example in this context is HER2, a well-known oncoantigen in various
cancer types (Cavallo et al., 2011), including breast cancer (Vinayak
et al., 2024). However, in many cases, T cell responses are weak and
often fail to correlate with clinical outcomes.

When tested in phase III clinical trials in patients with advanced
disease, most TAA-based vaccines did not significantly improve patients’
outcomes. As a result, to date, the US Food and Drug Administration
(FDA) has approved only one vaccine for tumor therapy, sipuleucel-T
(Provenge), which was licensed to treat individuals with asymptom-
atic or minimally symptomatic metastatic castration-resistant prostate
cancer in 2010 (Cheever and Higano, 2011; Kantoff et al., 2010).
Sipuleucel-T consists of the patient’s autologous peripheral blood
mononuclear cells, including antigen-presenting cells (APCs), which are
activated ex vivo with a proprietary recombinant fusion protein
(PA2024) including the TAA prostatic acid phosphatase (PAP), which is
overexpressed in about 95% of prostate cancers, linked to
granulocyte-macrophage  colony-stimulating  factor ~ (GM-CSF).
Real-world data show that when sipuleucel-T is administered to patients
with castration-resistant metastatic prostate cancer in combination with
androgen receptor-targeting agents (ARTASs), it reduces the risk of death
by 28.3% compared to ARTAs alone (Hafron et al., 2022). Despite these
encouraging results, no other vaccines have showed sufficient clinical
efficacy to gain approval for use in patients.

These disappointing outcomes may be attributed to different features
of late-stage cancers, including immune ignorance, exclusion, the in-
duction of an immunosuppressive TME, and immune evasion, all of
which impair the effector functions of the immune system (Saxena et al.,
2021). Given these challenges, the application of TAA-based vaccines in
the preventive setting - especially for primary prevention in individuals
at high risk, or for cancer interception in subjects with pre-invasive
disease - may offer greater potential. In these contexts, the vaccine is
administered to a less immunosuppressed individual who has not un-
dergone prior treatments such as chemotherapy, which may impair
immune cell function, as is often the case in patients with advanced
disease. Consequently, these individuals are more likely to mount an
effective immune response. Therefore, vaccines targeting TAAs that are
expressed in pre-neoplastic lesions and during the early stages of tumor
development may be more effective targets for cancer prevention, a
concept highlighted by Olivera J. Finn over 20 years ago (Finn, 2003).

One of the TAAs whose immunotargeting may induce protective
immune responses in preventive settings is mucin (MUC)-1, a trans-
membrane glycoprotein overexpressed in several cancer types,
including lung and colon cancers, and already present in premalignant
lesions (Saltos et al., 2018). As tumors express aberrantly glycosylated,
tumor-specific forms of MUC-1 (Ma et al., 2019; Stanton et al., 2024)
that may evade immune tolerance, several vaccines targeting MUC-1
have been developed and successfully tested in preclinical trials. These
promising preclinical results have paved the way for the translation of
anti-MUC-1 vaccination into the prevention of colon cancer in high risk
populations with a recent history of colonic polyps or adenomas
(NCT02134925) (Beatty et al., 2010; Finn, 2021; Murwanti et al., 2023;
Schoen et al., 2023). A phase I clinical trial demonstrated the safety of a
MUC-1 peptide vaccine, which induced a specific immune response in
subjects with a low basal frequency of myeloid-derived suppressor cells
(MDSCs) (Kimura et al., 2013). A subsequent phase II trial confirmed
that the vaccine significantly reduced adenoma recurrence in in-
dividuals who mounted an antibody response against MUC-1 (approx-
imatively 25% of vaccinated subjects), and exhibited significantly lower
levels of MDSCs and serum interleukin (IL)-6 compared to
non-responders (Schoen et al., 2023). These findings demonstrate the
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feasibility of targeting TAAs in preventive settings, although they also
suggest that preventive vaccines may benefit from the association with
immunomodulatory drugs when administered in patients with prema-
lignant disease. Since MUC-1 is expressed by many other tumors and
their premalignant lesions, additional preventive vaccine trials are being
considered, including MUC-1 vaccination in current and former smokers
at high risk for lung cancer. The aim is to stimulate the immune system
to slow or halt the progression from normal to pre-cancer and cancer
cells (NCT03300817) (Finn et al., 2023).

2.4. Targeting cancer stem cells

Another promising category of TAAs for cancer prevention includes
those expressed not only in differentiated cancer cells but also in cancer
stem cells (CSCs) or cancer initiating cells - cells with self-renewal po-
tential, pluripotency and drug resistance, which are responsible for
tumor onset and metastases (Quaglino et al., 2020). Targeting CSC an-
tigens could lead to the early elimination of these cells, preventing
tumor initiation or metastasis (Chu et al., 2024). In this context, we have
previously identified antigens expressed by breast CSCs, such as Cripto-1
(Witt et al., 2018) and the cysteine-glutamate antiporter xCT (Lanzardo
et al., 2016), which are expressed in early lesions and maintained in
invasive breast cancer. Various vaccines targeting these antigens have
been developed, and preclinical analyses have shown that vaccination
significantly inhibits metastasis formation, supporting the idea that
immunotherapies directed against CSCs could contribute to cancer
prevention (Bolli et al., 2018; Donofrio et al., 2018; Lanzardo et al.,
2016; Rolih et al., 2020; Ruiu et al., 2019; Witt et al., 2018), thus
opening up new ways for preventive vaccination.

2.5. Hereditary tumors

TAA-based vaccination also represents a promising strategy for
preventing tumor onset in patients genetically predisposed to cancer,
such as those with Lynch syndrome. These patients show a high lifetime
risk of developing colorectal, endometrial, ovarian, or gastric cancers
due to inherited mutations/alterations in mismatch repair genes (MSH2,
MLH1, MSH6, PMS2), which lead to high genome instability. Extensive
genomic analyses have identified TAAs commonly overexpressed in
tumors from patients with Lynch syndrome, many of which have been
used for the development of vaccines tested in clinical trials for primary
cancer prevention in this population. For example, an ongoing clinical
trial is evaluating the efficacy of a vaccine targeting three TAAs - Car-
cinoembryonic antigen (CEA), MUC-1 and brachyury - administered in
combination with IL-15 in Lynch syndrome carriers (NCT05419011).
Similar approaches are being evaluated in individuals carrying BRCA1/
2 mutations, who have a high risk for developing breast and ovarian
cancers. A DNA vaccine targeting the TAA human telomerase reverse
transcriptase (hTERT), a protein normally expressed during embryo-
genesis and reactivated as a primary mechanism of cell immortalization,
is under investigation. This vaccine, which also targets two additional
TAAs (Prostate-specific membrane antigen and WNT1), with or without
IL-12 administration, is being evaluated for its ability to prevent tumor
onset in BRCA1/2-mutated subjects (NCT04367675). The immunoge-
nicity of hTERT targeting vaccines has been demonstrated in several
clinical trials involving patients with advanced tumors or in the adjuvant
setting, although their anticancer efficacy was limited, and the vacci-
nation did not control tumor growth or disease progression (Gridelli
etal., 2020; Vienot et al., 2023; Zanetti, 2017). The results from ongoing
preventive vaccination trials will help determine whether hTERT
immunotargeting is effective in less immunosuppressed individuals.

Overall, results from these clinical trials are expected to clarify soon
whether TAA-based vaccines are a viable strategy for cancer prevention
and whether they can improve the outcomes for individuals at high risk
of developing cancer.
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2.6. Personalized vaccines targeting TSAs

In addition to TAAs, neoantigens - novel protein sequences not pre-
sent in normal cells, generated by tumor mutations and genetic alter-
ations - have recently caught attention from oncologists and
immunologists. Neoantigens are highly specific to cancer cells, making
them an ideal target for vaccines. Their ability to be recognized as non-
self by the immune system enables a robust anti-tumor response with
minimal risk of autoimmunity. Large-scale sequencing studies have
identified single nucleotide variation (SNV)-derived neoantigens in
various human cancers, and these are the targets of most anti-cancer
vaccines currently being tested in clinical trials (Hu et al., 2024b).
However, fewer than 1% of SNVs are immunogenic, limiting the efficacy
of vaccination strategies based solely on this approach. This evidence
has led to the exploration of alternative neoantigen sources, such as
those generated by genomic rearrangements, including DNA insertions
and deletions that cause frameshifts. These frameshifts lead to the pro-
duction of high quantities of neoantigenic peptides capable of inducing
specific T cell activation (Turajlic et al., 2017). Gene fusions are another
promising source, as they can generate highly immunogenic neo-
antigens capable of triggering T cell responses. Analysis of TCGA sam-
ples across different cancer types revealed that, in approximatively
one-third of tumors, the most immunogenic neoepitopes were
fusion-derived, highlighting their potential for personalized cancer
vaccines (Wei et al., 2019). Recent advances in cancer antigen discovery
have uncovered new classes of neoantigens that may represent signifi-
cant targets in tumors with low mutational burden. These include neo-
antigens derived from transposable elements (Bonte et al., 2022; Kong
et al., 2019), alternative splicing variants such as those produced by
exitron (exonic intron) splicing, which increase proteome diversity by
creating cryptic introns within protein-coding exons (Wang et al., 2021),
and post-translational modifications (Kacen et al., 2023). These neo-
antigens display greater diversity compared to self-antigens, potentially
making them more immunogenic than SNV-derived antigens. However,
research in this area is still in its early stages, and the prevalence of these
antigens across different cancer types has yet to be fully characterized
(Xie et al., 2023a).

The identification of neoantigens typically requires the use of omic
technologies to analyze a patient’s tumor sample. Consequently, neo-
antigens have primarily been used to develop personalized vaccines for
therapy or tertiary prevention, while their application in primary pre-
vention remains limited. Most vaccines tested to date have combined
multiple neoepitopes to increase the probability of inducing immuno-
dominant targets and to address tumor heterogeneity and immune
escape mechanisms (Xie et al., 2023a). Several phase I/II clinical trials
have demonstrated the safety and immunogenicity of neoantigen-based
vaccines, with some showing clinical efficacy in tertiary prevention. As
most of these trials have been extensively reviewed elsewhere (Biswas
et al., 2023b; Chakraborty et al., 2024; Manoutcharian and Gevorkian,
2024; Xie et al., 2023a), we will only provide some examples. In
advanced hepatocellular carcinoma, a phase I/1I study of a personalized
DNA plasmid-based vaccine encoding 40 tumor antigens, combined
with pembrolizumab, showed an objective response rate of 30.6%,
compared to 17.0% for pembrolizumab alone (NCT04251117)
(Yarchoan et al., 2024). In the phase Ib NCT03558945 trial, personal-
ized neoantigen peptide-based vaccines administered to patients with
pancreatic ductal adenocarcinoma following tumor resection yielded a
3-year overall survival rate of 74% (Hu et al., 2024a), indicating the
potential of this approach for tertiary prevention. Similarly, the Phase
2b KEYNOTE-942 trial, which tested the efficacy of the personalized
mRNA-4157-P201 vaccine developed by Moderna - comprising a long
mRNA encoding 9 to 34 neoantigens - in combination with pem-
brolizumab as adjuvant therapy for high-risk melanoma patients,
reduced the risk of disease recurrence by 44% at 18 months (Weber
et al., 2024). These promising results led the FDA to grant Breakthrough
Therapy Designation to this immunotherapy for the adjuvant treatment
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of high-risk melanoma following complete resection, sparking the phase
III NCT05933577 clinical trial. However, no results from this trial or
other ongoing phase III trials are currently available.

It remains to be seen whether neoantigen-based personalized vac-
cines will outperform TAA-targeted vaccines in tertiary prevention. In
therapeutic settings for advanced metastatic cancer, neoantigen-based
vaccines have shown limited success. While phase I or II clinical trials
have demonstrated the induction of specific T cell responses in patients
with advanced disease, tumor regression or long-term survival benefits
have been rare (Fan et al., 2023).

2.7. Vaccines targeting shared neoantigens for cancer prevention

A strategy to overcome the challenges associated with the design and
production of neoantigen vaccines — such as high costs, long develop-
ment times, and their personalized nature - is the development of less
individualized neoantigen vaccines, which could also be used for pri-
mary prevention. One promising approach is to target shared neo-
antigens arising from common oncogenic driver mutations, such as
those in oncogenes or tumor suppressors like KRAS, TP53, and BRAF.
These neoantigens, matched appropriately with the patient’s human
leukocyte antigen (HLA) alleles, could form the basis for other off-the-
shelf vaccines. Notably, neoantigens derived from driver mutations are
theoretically more likely than those from non-driver mutations to
function as oncoantigens. By vaccinating against such oncoantigens, it
may be possible to prevent the emergence of antigen-loss variants,
leading to effective cancer prevention and treatment (van Dorst et al.,
2024). However, clinical trials targeting shared neoantigens have pro-
duced mixed results thus far. For example, a phase I trial testing a
KRAS®'?® mRNA vaccine in patients with metastatic gastrointestinal
cancer showed no clinical benefit (Cafri et al., 2020). In contrast, the
phase I AMPLIFY-201 trial, which administered a modified peptide
vaccine to pancreatic and colorectal cancer patients bearing minimal
residual disease, demonstrated that T cell responses correlated with
improved relapse-free survival (Pant et al., 2024). Despite the varying
outcomes, this strategy could open new ways for the primary prevention
of cancer in individuals with high-risk conditions. For instance, a long
peptide vaccine targeting multiple KRAS mutations is currently under
evaluation (NCT05013216) for cancer prevention in patients at high risk
of developing pancreatic cancer due to family history or germline mu-
tations (Haldar et al., 2023). Preclinical studies suggest that a similar
approach may also be successful in preventing lung cancer in heavy
smokers (Wang et al., 2024).

In addition to driver mutations and oncoviral antigens, other TSAs
have recently emerged as putative targets for preventive vaccine
development. Extensive sequencing of tumors from patients with Lynch
syndrome have revealed recurrent microsatellite mutations that are
shared among most patients (Bolivar et al., 2024; Leoni et al., 2020). As
discussed by Bolivar A et al. (Bolivar et al., 2023), a genetic vaccine
incorporating 209 neoepitopes identified from these mutations has been
developed by Nouscom, the sponsor of a currently undergoing a phase
I/1I clinical trial to assess its potential for cancer prevention in Lynch
syndrome patients (NCT05078866).

In the coming years, we expect to see more robust data on the
feasibility and efficacy of vaccines for cancer prevention, offering deeper
insights into the features of antigens that will be essential for future
vaccine development. These advances, combined with ongoing im-
provements in computational methods and bioinformatics pipelines —
especially in neoepitope identification and HLA haplotyping — are likely
to accelerate the clinical application of cancer vaccines.

3. Platforms and technologies in cancer vaccine development
A major challenge in developing cancer vaccines is the efficient de-

livery of antigens to stimulate a potent immune response. Choosing the
appropriate platform for cancer vaccines requires careful consideration
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of various factors, including the components — antigens and adjuvants -
and the delivery systems used.

Based on preparation methods, cancer vaccine platforms can be
divided into four principal categories: cell-based, virus/bacteria-based,
gene-based, and peptide-based vaccines (Fan et al., 2023; Lopes et al.,
2019) (Fig. 1).

3.1. Cell-based vaccines

One of the earliest approaches for developing anti-cancer vaccines
involves the use of cell-based technologies. These vaccines leverage
whole cells, often derived from a patient’s tumor, or immune cells (Fan
et al., 2023; Perez-Banos et al., 2023). Cell-based vaccines can be clas-
sified into two main types: direct-use, whole-tumor cell vaccines, where
tumor cells are directly injected into patients, and antigen-presenting
cell (APC)-mediated vaccines, where autologous APCs (commonly
dendritic cells; DCs) are loaded with tumor cells or their components
before administration. In both cases, cells can be genetically modified to
express additional antigens and secrete cytokines or other
immune-stimulating factors to increase their efficacy (Perez-Banos et al.,
2023; Zhang et al., 2023b).

3.2. Whole tumor cell vaccines

Whole tumor cell (WTC) vaccines, which use either entire “attenu-
ated” tumor cells or lysed tumor cells, are designed to stimulate an
immune response against cancer by delivering a broad array of tumor
antigens capable of stimulating both CD8 and CD4 T cells (Perez-Banos
et al., 2023). These vaccines can be created using the patient’s own
tumor cells (autologous vaccines) or tumor cells derived from other
individuals or cell lines (allogeneic vaccines). By providing specific
antigens tailored to the individual cancer, autologous vaccines reduce
the risk of immune rejection. However, they are labor-intensive and
time-consuming to produce, making them less suitable for patients
needing immediate treatment. Additionally, they may induce immune
tolerance to dominant antigens, potentially weakening the immune
response (Perez-Banos et al., 2023). In contrast, allogeneic vaccines offer
quicker production times and broader applicability, although carrying a
higher risk of immune rejection (Perez-Banos et al., 2023).

To ensure clinical safety, tumor cells used in WTC vaccines are
attenuated to prevent replication. However, this often results in reduced
immunogenicity that can be compensated by co-expression of immu-
nostimulatory molecules or through combinatory strategies with other
immune-enhancing agents (Chiang et al., 2010). However, clinical trials
of WTC vaccines have shown limited success and further research is
needed to improve their efficacy as a cancer treatment (Dillman et al.,
2018; Faries et al., 2017; Srivatsan et al., 2014). Several factors likely
contribute to their limited clinical effectiveness, including suboptimal
activation of DCs, which are crucial for inducing a protective CD8 T cell
response. Additionally, the biological variability among patient-derived
cells used in vaccine preparation has likely contributed to the incon-
sistent outcomes (Perez-Banos et al., 2023). To address these challenges,
various strategies are under investigation, including improving immu-
nologic danger signals, enhancing adjuvants, and optimizing antigen
delivery to DCs (Meng et al., 2023; Zhang et al., 2023b).

3.3. Antigen-presenting cells-mediated vaccines

To address the challenge of suboptimal antigen presentation, DCs
can be pulsed with tumor antigens or tumor cell lysates. DC-based
vaccines are typically created by isolating DC precursors from the pa-
tient’s blood, culturing and maturing them in a laboratory setting, and
then injecting them back into the patient. Once in the body, these cells
interact with T cells in the lymph nodes, presenting the tumor antigens
they were pulsed with, and potentially triggering a targeted immune
response against the cancer cells (Lee et al., 2023b; Najafi and
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Mortezaee, 2023).

The first demonstration of the efficacy of autologous DC-based vac-
cines pulsed with tumor antigens in inducing antigen-specific immune
responses occurred in 1996 in a clinical trial in patients suffering from B-
cell lymphoma (Hsu et al., 1996). Since then, DC-based vaccines have
been explored in a wide variety of cancers, including melanoma, pros-
tate cancer, glioblastoma, leukemia, and breast cancer (Gautam et al.,
2024; Liau et al., 2023; Najafi and Mortezaee, 2023; Sprooten et al.,
2019; Yu et al., 2022).

While sipuleucel-T, as mentioned earlier, remains the only FDA-
approved DC-based vaccine, advancements in APC-based vaccine tech-
nology and combinatory administration strategies are currently being
evaluated to further enhance their therapeutic potential (Perez and De
Palma, 2019; Yu et al., 2022).

3.4. Bacteria-based vaccines

Bacteria-based vaccines, traditionally developed to prevent infec-
tious diseases, have recently emerged as innovative platforms for elic-
iting anti-cancer immune responses. A notable example is Bacillus
Calmette-Guérin (BCG). BCG, initially developed as a vaccine against
tuberculosis, is now an attenuated bacteria-based immunotherapy
(Mycobacterium bovis) approved for the treatment of non-muscle inva-
sive bladder cancer (Cardillo et al., 2021; Sylvester et al., 2002).

In the late 19th century, William B. Coley pioneered the use of
bacteria for cancer immunotherapy (Coley, 1898). Since then, several
bacteria were reported to specifically colonize tumors and trigger im-
mune responses (Zheng et al., 2017; Zhou et al., 2023). In addition,
bacteria and their derivatives contain a variety of pathogen-associated
molecular patterns (PAMPs) that can trigger immune responses
(Yaghoubi et al., 2020). Bacteria can also be easily modified and loaded
with tumor antigens (Chen et al., 2024). These characteristics make
bacteria a promising platform for anti-cancer vaccine strategies (Derre
et al., 2017). Furthermore, incorporation of tumor antigens into bacte-
rial outer membrane vesicles (OMVs) that can be recognized by the host
immune system represents another promising platform for cancer vac-
cines (Caproni et al., 2023; Cheng et al., 2021; Tamburini et al., 2023;
Wang et al., 2022).

However, despite their potential, the clinical translation of bacteria-
based immunotherapy is currently limited due to biosafety concerns and
the lack of standardized production processes (Zhou et al., 2023).

3.5. Virus-based vaccines

Like bacteria-based vaccines, virus-based vaccines were originally
developed to prevent infectious diseases. Due to their versatility and
ability to be engineered, these vaccines can be modified to express tumor
antigens, allowing for their application as both preventive and thera-
peutic cancer vaccines. The most notable examples in this context are
talimogene laherparepvec (T-VEC, Imlygic) and the already mentioned
virus-like particle (VLP)-based vaccines against HBV and HPV.

T-VEC, a genetically modified oncolytic herpes simplex virus type 1
encoding GM-CSF, was approved by the FDA for the local treatment of
unresectable cutaneous, subcutaneous, and nodal lesions in patients
with melanoma recurrent after initial surgery (Andtbacka et al., 2015;
Pol et al., 2016). Oncolytic viruses (OVs) preferentially infect and
destroy tumor cells and tumor-associated endothelial cells (Guo et al.,
2008; Nemunaitis, 1999). Once the infected tumor cells undergo
oncolysis, they release new infectious viral particles along with tumor
antigens, contributing to the elimination of residual tumor cells. How-
ever, this process sometimes fails to elicit a robust, tumor-specific T-cell
response. One strategy to address this issue and enhance T-cell priming
efficiency is to genetically modify oncolytic viruses to encode tumor
antigens and co-stimulatory factors (Bartlett et al., 2013; Lichty et al.,
2014; Vannini et al., 2023).

While clinical trials of OVs as standalone therapies have yielded
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controversial results across different cancer types, their efficacy can be
improved when used in combination with other therapies or as adjuvant
platforms (Roy et al., 2021; Yun et al., 2022). Challenges in OV-based
vaccine development include inefficient tumor delivery, limited viral
replication in tumor cells, and difficulty in targeting micro-metastases,
often requiring combination with conventional treatments to reduce
tumor burden (Bartlett et al., 2013; Guo et al., 2019; Yun et al., 2022).

VLP-based vaccines, which have been successful in preventing HBV
and HPV infections and their associated cancers, have demonstrated
remarkable efficacy as prophylactic cancer vaccines (Tornesello et al.,
2022). VLPs are multimeric, self-assembled protein structures that
mimic viruses but lack the viral genetic material, making them
non-infectious and non-replicative. Their resemblance to native viral
capsids enables them to present tumor antigens in a highly immunogenic
format, thereby efficiently stimulating the immune system (Caldeira
et al., 2020; Mohsen and Bachmann, 2022; Sander and Lollini, 2018). As
previously mentioned, VLP-based vaccines have been particularly
effective in preventing cancers related to HBV and HPV, such as hepa-
tocellular carcinoma and cervical cancer, respectively (Cuzick, 2015;
Harper et al., 2004; Zhou et al., 1991; zur Hausen, 2002). Despite their
efficacy in preventing infection and inducing neutralizing antibodies,
these vaccines are less effective in treating individuals who are already
infected. As a result, research is ongoing to develop therapeutic vaccines
for HPV-related cancers (Mo et al., 2022; Skolnik and Morrow, 2023).

VLP platforms are also under investigation to develop both prophy-
lactic and therapeutic cancer vaccines targeting several types of cancer
(Ruzzi et al., 2023; Tornesello et al., 2022), including breast cancer and
melanoma (Arab et al., 2022; Mohsen et al., 2022; Ruzzi et al., 2022,
2023). Clinical trials focusing on melanoma have produced encouraging
results, highlighting the potential of VLP-vaccines to stimulate robust
anti-tumor immune responses (Milhem et al., 2020; Mohsen et al., 2020;
Speiser et al., 2010).

VLPs are particularly appealing as platforms for cancer vaccine due
to their intrinsic adjuvant properties, linked to the size and shape fea-
tures. However, careful evaluation of potential side effects, such as
allergic reactions or excessive immune responses, is essential. Additional
concerns include pre-existing immunity against the vaccine carrier
proteins and the risk posed by unconjugated self-antigen that could bind
to healthy cells, leading to unintended consequences (Caldeira et al.,
2020; Jegerlehner et al., 2010; Ronzitti et al., 2020).

3.6. Gene-based vaccines

Gene-based or nucleic acid-based vaccines exploit DNA or RNA to
deliver the genetic instructions for producing selected antigens. Early
developments in gene-based vaccines primarily focused on DNA due to
its greater stability and longer persistence in the body compared to RNA
(Fan et al., 2023; Kaczmarek et al., 2023). However, following the
success of RNA vaccines against COVID-19, RNA has become widely
studied as a platform for cancer vaccine development (Guasp et al.,
2024).

3.7. DNA vaccines

DNA vaccines utilize bacterial plasmids engineered to encode anti-
gens and immunostimulatory molecules (Fioretti et al., 2010; Lopes
et al., 2019; Yang et al., 2014). One advantage of plasmids is their
intrinsic adjuvanticity, which can be further enhanced by incorporating
sequences of immunostimulatory factors or by employing a specialized
delivery system (Yang et al., 2014).

Originally developed and efficiently used to prevent infectious dis-
eases (Ulmer et al., 1993; Yankauckas et al., 1993), DNA vaccines have
since been adapted to produce tumor antigens (Yang et al., 2014). For
antigen transcription to occur, DNA plasmids must enter the cell nu-
cleus, a process optimized through delivery strategies such as in vivo
electroporation and gene guns (Paston et al., 2021). The encoded

Molecular Aspects of Medicine 101 (2025) 101324

antigens can be presented via major histocompatibility complex (MHC)
class I and II pathways, activating CD4 and CD8 T cell responses, as well
as establishing immunological memory (Lopes et al., 2019; Tang and
Pietersz, 2009; Yang et al., 2014).

Preclinical animal studies have demonstrated that DNA cancer vac-
cines can elicit immune responses with both preventive and therapeutic
effects across various cancer models (Lopes et al., 2017, 2019; Pandya
et al., 2023; Quaglino et al., 2004, 2011; Riccardo et al., 2022; Srini-
vasan and Wolchok, 2004; Tarone et al., 2023). As better discussed in
the “alternative models” section below, recombinant Listeria
monocytogenes-based vaccines may represent a valid approach. How-
ever, while human clinical trials have reported good safety profiles, they
have shown low immunogenicity and limited therapeutic success (Disis
et al., 2023; Lopes et al., 2019).

3.8. RNA vaccines

RNA-based cancer vaccines typically use in vitro transcription (IVT)
to synthesize RNA from plasmid DNA templates in a cell-free system.
RNA is then encapsulated within a delivery system to protect it from
degradation. Unlike DNA, which must reach the cell nucleus, RNA only
needs to enter the cytoplasm for translation into proteins, resulting in
faster and more efficient antigen production (Guasp et al., 2024; Pardi
et al., 2018).

RNA has proven to be a very flexible platform, able of encoding
multiple proteins simultaneously, with the added benefit of optimized
RNA stability and ease of production at scale (Guasp et al., 2024; Wang
et al, 2023). The rapid development and global deployment of
COVID-19 RNA vaccines further demonstrated the scalability and
adaptability of this technology (Thomas et al., 2021; Zhang et al.,
2023a).

One of the key advantages of RNA vaccines is their safety profile.
Because RNA lacks infectious and integrating capabilities, it degrades
naturally through physiological cellular processes, preventing pro-
longed immune hyperstimulation (Pardi et al., 2018). However, as
observed with COVID-19 RNA vaccines, repeated immunizations may be
required to induce strong B-cell responses and long-lasting immune
memory (Lee et al., 2023a). This is a crucial aspect in the development of
RNA vaccines for the treatment of cancer, where the immune system
needs to be sufficiently activated to target and eliminate tumors that
have escaped immune surveillance. In addition, sustaining an immune
response over time is crucial to prevent tumor recurrence and metastasis
(Fan et al., 2023). Thus, achieving a balance between immunogenicity
and safety in this context will be a key objective.

Numerous clinical trials are underway, exploring the potential of
RNA vaccines for various cancer types (Guasp et al., 2024; Sayour et al.,
2024). However, currently there are no FDA-approved RNA vaccines for
cancer treatment.

3.9. Peptide-based vaccines

Peptide-based cancer vaccines typically consist of epitopes derived
from tumor antigens, selected for their immunogenicity and compati-
bility with HLA alleles. These properties are measured and predicted
through several methods (Liu et al., 2021). The length of peptides used
plays a crucial role in eliciting an immune response. Short peptides
(8-11 amino acids) bind to MHC class I molecules, are easy to synthe-
size, and are cost-effective, but they may not fully activate T cells due to
their capture by non-professional APCs. Additionally, they are
HLA-restricted, limiting their use to specific patient populations, and
they can be degraded rapidly. In contrast, synthetic long peptides (SLPs)
(11-30 amino acids) require processing by professional APCs and can be
presented on both MHC class I and II molecules, leading to the activation
of both CD8 cytotoxic T cells and CD4 helper T cells, which enhances
immune responses. Moreover, SLPs can be modified to improve immu-
nogenicity (Buonaguro and Tagliamonte, 2023; Rabu et al., 2019).
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Peptide-based cancer vaccines have shown promising immunoge-
nicity in preclinical studies. However, further progress is needed to
improve their clinical effectiveness (e.g., enhancing amino acids sta-
bility in vivo and selecting appropriate adjuvants) (Abd-Aziz and Poh,
2022; Liu et al, 2021; Stephens et al, 2021). Currently, no
peptide-based cancer vaccine has received FDA-approval. However,
therapeutic vaccines targeting melanoma, lung cancer, breast cancer,
and leukemia are in phase I and II clinical trials, with HER2-positive
breast cancer vaccines advancing to phase III (Liu et al., 2021; Swain
et al., 2023; You et al., 2021).

4. Strategies to improve cancer vaccine efficacy: adjuvants,
delivery systems, and combinatorial approaches

Vaccine efficacy can be reduced by the immunosuppressive tumor
microenvironment, which impairs effector T cell activity, or by down-
regulated antigen presentation to T cells (Saxena et al., 2021; Zhao et al.,
2023). The term "adjuvant" comes from the Latin word "adjuvare", which
means "to help." Therefore, one of the simplest ways to enhance vaccine
immunogenicity is through the appropriate selection of adjuvants. The
choice of adjuvants must be optimized for each vaccine formulation to
attract immune cells to the injection site and to break immune tolerance,
ensuring maximum immune responses and, consequently, clinical effi-
cacy (Cuzzubbo et al., 2020; Marriott et al., 2023; Temizoz et al., 2016)
(Fig. 1). Traditional adjuvants, widely used in several licensed vaccines,
include both formulation (or “depot™) adjuvants and biological immu-
nostimulatory adjuvants (Cuzzubbo et al., 2020; Zhao et al., 2023).
Depot adjuvants, such as mineral salt (alum) and emulsions (e.g., MF59
or AddaVax), are often used in licensed vaccines (Ren et al., 2024;
Temizoz et al., 2016; Zhao et al., 2023). Incomplete Freund’s adjuvant
and Montanide (ISA 720 or ISA 51) are examples of water-in-oil emul-
sions frequently used in clinical trials. These emulsions form a depot at
the injection site, capturing the antigen and preventing its rapid traf-
ficking to local lymph nodes, thereby inducing inflammation and a
gradual release of the antigen, which elicits both CD4 and CD8 T cell
responses (Kenter et al., 2009; Paston et al., 2021; Zhao et al., 2023).

Biological immunostimulatory adjuvants exploit the intrinsic prop-
erties of cytokines (e.g. INFa, IFNy, IL2, IL12 or GM-CSF) and toll-like
receptor (TLR) ligands to enhance vaccine efficacy. A widely used
immunostimulatory adjuvant is GM-CSF, a cytokine that stimulates the
bone marrow to produce granulocytes and macrophages, which are
released into the bloodstream (Tay et al., 2017; Zhao et al., 2018). In
preclinical studies, GM-CSF showed promise by recruiting DCs to the
injection site, promoting their maturation, and facilitating antigen pre-
sentation. However, clinical trial results have been inconsistent
(Cuzzubbo et al., 2020; Parmiani et al., 2007).

Immune checkpoint inhibitors (ICIs), such as antibodies targeting
programmed cell death protein-1 (PD-1), its ligand (PDL-1), or cytotoxic
T-lymphocyte antigen-4 (CTLA-4), can also function as adjuvants when
administered concurrently with cancer vaccines. ICIs enhance T cell
responses, reduce the influence of immune suppressive cells, and
counteract tumor immune evasion (Batista-Duharte et al., 2022; Cuz-
zubbo et al., 2020; Soares et al., 2015).

Some vaccine platforms, such as DNA plasmids containing CpG
motifs (which act as TRL9 agonists) or VLPs with geometrical structures
conducive to a strong B cell response, possess intrinsic adjuvant prop-
erties (Zhao et al., 2023). Nevertheless, combined strategies - using a
traditional adjuvant alongside a platform with intrinsic adjuvanticity -
may be necessary to maximize the therapeutic efficacy of cancer vac-
cines (Ruzzi et al., 2022).

Some vaccine delivery systems, such as electroporation, can also be
considered as adjuvants, as they enhance cellular uptake. Electropora-
tion, by creating transient pores in cell membranes, can increase DNA
uptake by up to 1000-fold, while also inducing an adjuvant effect
through local tissue damage and the stimulation of proinflammatory
cytokines (Paston et al., 2021; van Drunen Littel-van den Hurk and
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Hannaman, 2010). However, patient compliance may be a concern with
this approach (Aurisicchio and Ciliberto, 2012; Baryakova et al., 2023).
Combining a delivery system with an immunostimulant adjuvant is a
common strategy to enhance cancer vaccine efficacy (Marriott et al.,
2023). For instance, combining Montanide (for its depot effect) with a
TLR ligand (to enhance APC stimulation) is a widely used approach in
anti-cancer vaccines (Cuzzubbo et al., 2020). However, this approach
should be carefully evaluated since TLR activation may also exert
detrimental effects in some cancer types (Di Lorenzo et al.,, 2022).
Additionally, combining cancer vaccines with other therapeutic mo-
dalities employed in clinical practice offers a promising strategy to
enhance vaccine effectiveness. Approaches such as reducing regulatory
T cells with chemotherapeutic agents, incorporating radiotherapy, or
using ICIs can improve vaccine efficacy by targeting different aspects of
the immune response and tumor microenvironment, potentially leading
to better clinical outcomes (Cuzzubbo et al., 2020; Ghiringhelli et al.,
2007; Golden et al., 2012; Reits et al., 2006; Saxena et al., 2021).

5. Preclinical models for anti-cancer vaccination studies

Building upon the advances in vaccine design and immunothera-
peutic strategies discussed above, a critical step in cancer vaccine
development is their preclinical evaluation phase. This stage involves
testing the efficacy and safety of vaccines in controlled laboratory set-
tings. A major challenge is identifying predictive preclinical models that
accurately mimic human cancer biology and immune responses to
ensure successful translation of research findings into clinical practice.
The significance of preclinical models for cancer prevention has been
underscored by the National Cancer Institute (NCI), which launched the
PREVENT program to support the testing of innovative strategies in
preclinical models, with a high translational potential for clinical trials.

To address the complexity of cancer and its interaction with the
immune system, various in vivo preclinical mouse models have been
extensively used (Bosenberg et al., 2023; Le Magnen et al., 2016; Pal-
ladini et al., 2018) (Fig. 1). Each model offers distinct advantages
depending on the specific oncological questions, such as modeling
tumor immune evasion, testing vaccine-induced immunity, or assessing
the therapeutic potential of vaccine-adjuvant combination.

Although initially most anti-cancer vaccine trials have focused on
established or late-stage tumors, these conditions often present thorny
challenges. Advanced tumors typically create an immunosuppressive
microenvironment that shackles the immune system’s ability to respond
effectively to the vaccine (Labani-Motlagh et al., 2020; Liu et al., 2023;
Xie et al., 2023b). This immunosuppressive soil poses a significant
barrier to therapeutic success, contributing to the limited efficacy
observed in human clinical trials. Shifting the focus of vaccination
strategies to preventive or early-stage settings, either before malignancy
develops or during the onset of pre-invasive disease, could enhance
vaccine efficacy by acting in a less immunosuppressive environment
(Domchek and Vonderheide, 2024; Finn, 2018; Stanton et al., 2024).
This approach underscores the importance of developing and utilizing
preclinical models that can simulate early cancer development and im-
mune interception. In this context, mouse models that spontaneously
develop tumors in an immunocompetent system offer significant po-
tential for advancing preventive strategies. These models are designed to
mimic spontaneous tumorigenesis, either through carcinogens exposure
or genetic engineering, by inducing specific somatic mutations that
activate oncogenes or deactivate tumor suppressors, or by inducing the
overexpression of oncogenes or the loss of tumor suppressor expression.

5.1. Carcinogen-induced mouse models

Carcinogen-induced mouse models are valuable tools for studying
cancer development and prevention. These models are created by
exposing mice to cancer-causing agents, such as chemicals or biological
toxins, to simulate the processes of tumor initiation, promotion, and
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progression in humans. They mimic spontaneous tumor formation,
making them particularly useful for investigating therapeutic in-
terventions and immune mechanisms involved in cancer development
(Bareham et al., 2021). For example, 4-nitroquinoline 1-oxide (4-NQO)
-induced cancer mouse models have been instrumental in advancing
head and neck cancer prevention efforts by revealing critical insights
into oral carcinogenesis. Transcriptomic analysis of these models has
identified key genes associated with the transition from oral dysplasia to
invasive cancer, leading to the development of vaccines targeting
non-canonical peptides overexpressed during this process (Foy et al.,
2016).

Despite their contributions to understanding immune surveillance
and immune editing mechanisms, carcinogenesis models do have limi-
tations. The use of carcinogens can result in extensive DNA damage,
leading to the accumulation of somatic mutations, which does not
entirely reflect the development of most human cancers that arise
independently of carcinogen exposure (Bareham et al., 2021; Olson
et al., 2018). Nonetheless, immunization strategies that focus on pro-
teins and non-canonical peptides overexpressed during carcinogenesis
have shown protective effects in preclinical models (Patel et al., 2019;
Twitty et al., 2011; Yu et al., 2016). This approach is now moving into
clinical trials for high-risk populations, such as tobacco users (Hilton
et al., 2022).

5.2. Genetically engineered mouse models (GEMMs)

A wide variety of genetically engineered mouse models (GEMMs)
that reflect the development of common human cancers have been
established (Hill et al., 2021; Kersten et al., 2017). These GEMMs
replicate the sequential process of tumorigenesis, from premalignant
lesions to invasive disease, offering a valuable opportunity to interrogate
the earliest stages of spontaneous carcinogenesis, which are often
inaccessible in human studies (Finn and Beatty, 2016; Keenan and Jaf-
fee, 2013; Le Magnen et al., 2016; Young, 2017). These models are
particularly valuable as they are exploitable to test specific target ap-
proaches against a known oncogenic driver. The value of GEMMs lies
also in the possibility to evaluate the efficacy of vaccination either
halting cancer onset or impeding the progression of premalignant le-
sions. Furthermore, GEMMs enable the identification of deregulated
molecular pathways in preinvasive lesions that may be leveraged for
novel immunopreventive vaccines.

One well-studied example of a cancer prevention vaccine targeting a
driver mutation in premalignancy, involves the KRAS oncogene. KRAS
mutations are the earliest genetic alterations in human pancreatic tu-
mors, among others, occurring in premalignant pancreatic intra-
epithelial neoplasia and being conserved in advanced pancreatic
cancers, making them an ideal target for primary and secondary pre-
vention. In KRAS-driven GEMMs, which spontaneously develop
pancreatic tumors, numerous anti-KRAS vaccination strategies have
demonstrated promising potential in preventing cancer development
and progression (Haldar et al., 2024; Huff et al., 2023; Keenan et al.,
2014; Zaidi et al., 2022). The success of these studies highlights the
substantial translational potential of such vaccines, particularly given
that pancreatic cancer often progresses gradually after the initial
oncogenic event, providing a critical window for early intervention.
Notably, several KRAS-based vaccines are now under clinical investi-
gation, including trials in genetically predisposed individuals with
pancreatic cysts (NCT05013216), further reinforcing the relevance of
early-stage prevention.

Similarly, the MUC-1 antigen has been a focal point in preventive
anti-cancer vaccine research, due to its expression in premalignant le-
sions across multiple cancer types, including colon and lung cancer.
Various MUC-1-based vaccines have demonstrated efficacy in GEMM
preclinical models of colon cancer, reducing inflammation and pre-
venting progression to colitis-associated cancer (Beatty et al., 2012;
Lakshminarayanan et al., 2016; Murwanti et al., 2023). It is precisely
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following these promising results that MUC-1 vaccination is being
explored for cancer prevention in high-risk populations, such as in-
dividuals with a history of colonic polyps or adenoma (NCT02134925)
(Beatty et al., 2010; Finn, 2021; Kimura et al., 2013; Murwanti et al.,
2023; Schoen et al., 2023). Moreover, preventive trials are being
considered for former smokers at high risk for lung cancer
(NCT03300817), demonstrating the broad applicability of this antigen
in cancer prevention (Finn et al., 2023).

The potential of cancer prevention vaccines has also been extensively
explored in the context of breast cancer, where well-established pre-
clinical models of stepwise HER2-dependent mammary tumor progres-
sion are available. GEMMSs, such as mouse mammary tumor virus
(MMTV)-neu/HER2 transgenic mice, closely mimic human HER2-
positive breast cancer progression, from preneoplastic lesions to inva-
sive carcinomas and metastasis (De Giovanni et al., 2014; Quaglino
et al., 2008). These models have been pivotal in demonstrating the ef-
ficacy of immune-mediated anti-HER2 vaccines in preventing mammary
tumor progression (De Giovanni et al., 2014; Gil et al., 2014; Jacob et al.,
2010; Lollini et al., 2013; Piechocki et al., 2003; Quaglino et al., 2010).
In contrast, sporadic triple-negative breast cancer (TNBC) lacks a single
driving mutation, making GEMMs especially useful for identifying novel
vaccine targets. The C3(1)/Tag transgenic mouse model, which mirrors
human TNBC progression, enabled researchers to target TOP2A, a
molecule identified in TNBC lesions, via vaccination, significantly
reducing tumor incidence when administered in a prophylactic setting
(Green et al., 2000). Such findings provide a proof-of-concept for the
potential efficacy of preventive immunization in high-risk individuals.

5.3. Expanding the scope of GEMMs: Lynch syndrome and hereditary
cancers

Several GEMMs of hereditary cancers have been developed,
including models for Lynch syndrome and hereditary BRCA1/2-
associated breast and ovarian cancer syndromes, that may serve as
proof-of-concept to explore vaccine-based strategies aimed at prevent-
ing cancer in defined high-risk populations (Biswas et al., 2023a). As
mentioned earlier, individuals with Lynch syndrome, who carry
mismatch repair mutations that lead to recurrent frameshift mutations,
often develop colon cancer (Lepore Signorile et al., 2021). Lynch syn-
drome preclinical models have shown that vaccines targeting these
recurrent frameshift mutations can reduce tumor burden and improve
survival (Gebert et al., 2021), opening new avenues for colorectal cancer
prevention in this population before the formation of an immunosup-
pressive environment and the acquisition of other key oncogenic mu-
tations in genes such as APC, BRAF, and TP53.

5.4. Transplantable tumor models

Spontaneous tumor development in GEMMs normally requires
longer periods of time when compared to other preclinical models, such
as non-autochthonous, transplantable tumor models. These models are
therefore more advantageous when the research intends the evaluation
vaccine efficacy, alone or in combinatorial approaches, particularly in
tertiary prevention and therapy.

Transplantable tumor models can be categorized into syngeneic and
xenograft models (either cell line- or patient-derived) (Westwood et al.,
2014). Syngeneic models involve injecting murine tumor cells into
immunocompetent mice of the same genetic background. These models
are easily established through subcutaneous injections (for tumor
development and eventually spontaneous metastases) or intravenous
and intracardiac injections (for experimental metastasis models) of
murine tumor cells. These models are widely used for evaluating cancer
vaccine efficacy and mechanisms of action in established and advanced
tumors. However, a key limitation is that tumor development is
frequently induced in non-native anatomical locations, lacking
organ-specific features like tissue architecture and immune recruitment,
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which can affect the accuracy of immune response assessments. To
overcome these challenges, syngeneic orthotopic models have been
developed by injecting tumor cells into the appropriate anatomical site.
These models have been used in various cancer types, including bladder
carcinoma (intravesical tumor implantation), breast cancer (injection
into mammary adipose tissue), colon cancer (cecal injection), glioblas-
toma (intracranial injection), hepatocellular carcinoma (subcapsular
implantation), renal cancer (kidney injection), lung cancer (direct lung
injection or tracheal instillation) and pancreatic cancer (intrapancreatic
injection) (Chulpanova et al., 2020; Devaud et al., 2014).

Although syngeneic orthotopic models aim to improve upon tradi-
tional approaches, murine cancer cell lines are often poorly differenti-
ated, proliferate rapidly, are inoculated into healthy organs, and are
characterized by a low heterogeneity. To better capture the complexity
of human cancers, human xenograft models were developed, which
imply transplanting human immortalized cancer cells (cell lines-derived
xenografts, CDX) or fresh tumor fragments from patients (patient-
derived xenografts, PDX) into immunodeficient mice (Jin et al., 2023;
Landuzzi et al., 2021; Nanni et al., 2019). However, to study anti-cancer
vaccines, a functional immune system is critical, requiring complex
artificial interventions to generate mice with a humanized immune
system capable of mounting effective immune responses (Choi et al.,
2018; Chuprin et al., 2023; De Giovanni et al., 2012; Yan et al., 2023).

One promising alternative is the use of transgenic mice expressing
the human HLA-A2 molecule (Conforti et al., 2009; McArdle, 2009; Salio
et al.,, 1999; Sher et al., 2016). These immunocompetent mice allow
researchers to study immune responses in a humanized context. By
vaccinating HLA-A2 mice, both T cell and antibody responses specific to
antigens in the vaccine can be generated. These responses can be
transferred into immunodeficient mice bearing HLA-A2-matched human
tumors, either as CDX or PDX, offering the possibility to dissect the
contribution of both arms of the adaptive immune system against
established human tumors (Sher et al., 2016; Tarone et al., 2023).

Despite these advancements, several limitations persist in mouse
models, including high costs, long latency periods following tumor graft
implantation, variability in tumor development among animals, and
HLA-A2 haplotype restriction in the case of adoptive transfer experi-
ments with HLA-A2 mice. Moreover, while human tumor cells are
inoculated in these mice, the surrounding stromal components remain
murine, which can impact the tumor microenvironment’s relevance to
human disease.

5.5. Alternative models: the role of comparative oncology in anti-cancer
vaccine development

The transition from mouse studies to human clinical trials often
yields disappointing results, with only about 10% of successful treat-
ments in mice advancing to approval for human oncology. This is
particularly evident in anti-cancer vaccine research. Key factors
contributing to this translational failure include the use of young,
healthy animals, the challenge of replicating the heterogeneity and
microenvironment of human tumors, and the fundamental differences in
immune responses between conventional preclinical cancer models and
humans (Finn, 2018; Maeng et al., 2018; Morse et al., 2021; Prasad,
2016).

To bridge this gap, researchers are increasingly turning to alternative
models, with a growing focus on companion animals, particularly dogs,
which naturally develop tumors (Fig. 1). These models capture the
complexity of cancer more accurately compared to mouse models and
offer significant predictive value for evaluating anti-cancer vaccines.
Tumors in pet dogs develop spontaneously, evolve, and often metasta-
size and recur in relevant anatomical sites, mimicking the stepwise
progression and clinical presentation of human tumors. Canine tumors
also share many genetic and molecular features with human tumors,
further enhancing the predictive value of these models for evaluating
immunotherapies (Bryan and Maitz, 2024; Oh and Cho, 2023; Stevenson
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et al., 2022; Tarone et al., 2019, 2022a, 2022b).

Importantly, while there are broad similarities in immune responses
to activation between dogs and humans (Li et al., 2022), some key
quantitative and qualitative differences in immune cell behavior have
been demonstrated (Chow et al., 2024). For example, major leukocyte
subsets and phenotypes are comparable in dogs and humans, but canine
T cells exhibit lower overall transcriptional activity compared to human
T cells. Although both species show similar proliferative responses upon
activation, canine T cells produce significantly less interferon-gamma
(IFN-y) than their human counterparts, indicating a less pronounced
Th1 bias of CD4 T cells (Chow et al., 2024). Similarly, canine NK cells
show a reduced expression of IFN-y and other effector molecules
compared to human NK cells (Gingrich et al., 2021). Conversely, canine
macrophages demonstrate greater responsiveness to IFN-y stimulation,
as seen through higher co-stimulatory molecule expression and
increased tumor necrosis factor-alpha (TNF-a) production, compared to
human macrophages (Chow et al., 2022, 2024).

These immunological differences do not diminish the value of canine
models for cancer research, which has been validated over years of
study. Assessing immune responses in dogs with cancer offer insights
that can guide the design of immunotherapy trials. Understanding the
differences between canine and human contexts helps in selecting
appropriate immunological biomarkers and endpoints for evaluating the
efficacy of cancer vaccines in canine trials, ultimately improving the
translatability of findings to human cancer research.

The field of veterinary oncology offers a unique advantage: faster
tumor progression in canine patients allows researchers to conduct trials
more efficiently. For example, the Vaccination Against Canine Cancer
Study (VACCS) trial investigates the safety, immunogenicity, and effi-
cacy of a cancer-preventive vaccine in dogs. This study, initiated in May
2019, had enrolled 804 dogs by October 2022 and is the first clinical
study evaluating a preventative prime-boost vaccination combining a
DNA plasmid and a peptide-based vaccine, targeting neoantigens
generated by RNA-processing errors in tumor cells (Burton et al., 2024).

For treating advanced tumors, canine cancer patients are often
treated with the same conventional therapies used in humans, yielding
comparable clinical responses. This overlap enables researchers to
evaluate combinations of standard therapies and novel vaccines within a
relatively short timeframe. Additionally, the flexibility in veterinary
oncology allows for innovative treatment approaches to be explored
earlier in the therapeutic process.

Among the cancers being studied in comparative oncology are mel-
anoma, lymphoma, and sarcoma (LeBlanc et al., 2016b; Oh and Cho,
2023). In some cases, veterinary studies could be extremely relevant
especially for those rare cancers in humans, whose incidence is instead
higher in the canine population.

Immunotherapeutic strategies tested in veterinary trials have span-
ned from autologous and allogeneic vaccines to DNA- and peptide-based
immunization approaches (Bryan and Maitz, 2024; Tarone et al., 2019).
Some examples of vaccination strategies in the veterinary field with
significant translational potential for human clinics include, but are not
limited to, the following. Several melanoma-associated antigens, such as
the disialogangliosides GD2 and GD3 (Albertini et al., 2024; Milner
et al.,, 2006), tyrosinase (Bergman et al., 2003; Grosenbaugh et al.,
2011), gp100 (Alexander et al., 2006), and CSPG4 (Riccardo et al., 2014,
2022; Rolih et al., 2017) are shared by both human and canine mela-
nomas. ONCEPT (Merial), the first and only FDA-approved DNA vaccine
for anti-tumor therapy, is a DNA plasmid encoding the human tyrosinase
and is intended for treating dogs with locally controlled melanomas.
Studies have suggested that ONCEPT increases survival times in treated
dogs compared to unvaccinated controls, with no reported adverse
events. Despite some criticism regarding its effectiveness, ONCEPT’s
approval marked a new era in melanoma treatment for dogs, rising hope
for the broader application of anti-cancer DNA vaccines (Bergman et al.,
2006; Ottnod et al., 2013; Pellin, 2022; Verganti et al., 2017).

Another notable approach targets the HER2 antigen using a
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recombinant Listeria monocytogenes (Lm)-based vaccine (Mason et al.,
2016; Stroud et al., 2016). Tested in a phase I veterinary clinical trial,
this vaccine significantly reduced metastasis and prolonged survival in
dogs with osteosarcoma, leading to a conditional license from the United
States Department of Agriculture (USDA) in 2017 for the adjuvant
treatment of dogs with osteosarcoma. Encouraged by these results, a
Phase Ib clinical trial of the vaccine (ADXS31-164) is now underway in
human adult patients with HER2-expressing tumors (NCT02386501).
This vaccine has since been licensed for development in the pediatric
osteosarcoma setting by OS Therapies, in collaboration with the NCI
Children’s Oncology Group.

Other translationally relevant vaccination strategies include peptide-
based vaccines targeting HER2 in HER2-overexpressing canine tumors
(Doyle et al., 2021), DNA vaccines against p62 for mammary cancer
(Gabai et al., 2014), TERT for B-cell lymphoma (Impellizeri et al., 2018),
and CSPG4 for treating melanoma (Camerino et al., 2022; Giacobino
et al., 2021; Piras et al., 2017; Riccardo et al., 2014, 2022) and osteo-
sarcoma (Tarone et al., 2023). Collectively, these efforts underscore the
significant contributions of comparative oncology in advancing
anti-cancer vaccine development, with mutual benefits for both human
and canine patients, reinforcing the "One Health, One Medicine" concept
(King, 2021; Krol and Motyl, 2014; LeBlanc et al., 2016a).

6. Conclusions

The development of cancer vaccines has made notable progress,
particularly in the primary prevention of virus-related cancers by tar-
geting the underlying viral infections. Vaccines such as those for HPV
and HBV have demonstrated remarkable success in reducing the inci-
dence of cervical and liver cancers, respectively, by preventing the viral
infections that cause these malignancies. This underscores the immense
potential of preventive vaccination strategies in lowering cancer inci-
dence on a global scale.

However, despite these achievements, cancer preventive vaccines
still face significant challenges. A primary obstacle is the identification
of proper tumor antigens to be targeted and the reliable identification of
individuals with genetic predispositions or premalignant lesions who are
at high risk of developing invasive cancers expressing those antigens.
Targeting this population is crucial for successful preventive in-
terventions. Another critical factor is the ability to induce long-lasting
immune memory against tumor-associated antigens, ensuring durable
protection against future cancer development. Furthermore, gaining a
deeper understanding of the immune environment within these early-
stage lesions is crucial for designing vaccines that can effectively halt
tumor progression.

A range of vaccine platforms, including virus-, VLP-, bacterial, DNA-,
mRNA-, and peptide-based vaccines, have been explored for cancer
prevention and treatment. VLP-based vaccines have shown great
promise, particularly in HPV prevention, offering a model of how im-
mune responses can be harnessed against cancer-related antigens. In
preclinical settings, various models - such as syngeneic, xenograft, and
GEMMs - have been instrumental in understanding how these vaccines
can trigger immune responses and prevent tumor formation. Moreover,
comparative oncology models, especially in canines, are increasingly
recognized for their potential to provide clinically relevant data and
bridge the gap between preclinical studies and human trials.

Despite the promising advancements, expanding the success of vac-
cines beyond virus-related cancers requires addressing these challenges
head-on. Future research must focus on improving the identification of
at-risk individuals, enhancing the understanding of immune responses
in early lesions, and refining vaccine strategies to induce robust and
durable immunity (Stanton et al., 2024). This ongoing work holds the
promise of significantly reducing the global burden of cancer through
effective prevention strategies.
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