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Abstract: Cancer is one of the leading causes of morbidity and mortality globally, responsi-
ble for approximately 10 million deaths in 2022 and an estimated 21 million new cases in
2024. Traditional cancer treatments such as surgery, radiation therapy, and chemotherapy
often present limitations in efficacy and side effects. However, immunotherapeutic vaccines
have emerged as a promising approach, leveraging the body’s immune system to target and
eliminate cancer cells. This review examines the evolving landscape of cancer vaccines, dif-
ferentiating between preventive and therapeutic strategies and highlighting the significance
of tumor-specific antigens, including tumor-associated antigens (TAAs) and neoantigens.
Recent advancements in vaccine technology, particularly through nanotechnology, have
resulted in the development of nanovaccines, which enhance antigen stability, optimize
delivery to immune cells, and promote robust immune responses. Notably, clinical data
indicate that patients receiving immune checkpoint inhibitors can achieve overall survival
rates of approximately 34.8 months compared to just 15.7 months for traditional therapies.
Despite these advancements, challenges remain, such as the immunosuppressive tumor
microenvironment and tumor heterogeneity. Emerging evidence suggests that combining
nanovaccines with immunomodulators may enhance therapeutic efficacy by overcoming
these obstacles. Continued research and interdisciplinary collaboration will be essential
to fully exploit the promise of nanovaccines, ultimately leading to more effective and
accessible treatments for cancer patients. The future of cancer immunotherapy appears
increasingly hopeful as these innovative strategies pave the way for enhanced patient
outcomes and an improved quality of life in oncology.

Keywords: cancer immunotherapy; tumor antigens; nanovaccines; personalized medicine

1. Introduction

Cancer is one of the leading causes of morbidity and mortality worldwide, responsible
for approximately 10 million deaths in 2022 and an estimated 21 million new cases in
2024 [1]. It is characterized by the uncontrolled growth of abnormal cells that invade
tissues and can spread to other body parts. The heterogeneity of cancer types and genetic
mutations complicate accurate diagnosis and treatment [2]. Over the years, traditional
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treatments such as surgery, radiation therapy, and chemotherapy have been developed;
however, these often present limitations in efficacy and side effects [3].

Immunotherapy has demonstrated significantly higher response rates compared to
conventional treatments such as chemotherapy. For example, immune checkpoint blockade
(ICB) drugs have significantly transformed cancer treatment since their initial approval in
2011, particularly for advanced melanoma. Recent data indicate that the overall survival
rate for patients treated with nivolumab has reached approximately 34.8 months, com-
pared to just 15.7 months for traditional therapies [4]. Additionally, the adoption of ICB
therapies has notably increased by about 150% in clinical practice, reflecting their growing
importance in the management of various solid tumors [5]. Research on cancer biology has
been essential for designing more effective and specific therapeutic options, particularly
in understanding the critical role of the immune system in identifying and eliminating
abnormal cells, including those that have undergone malignant transformation. However,
cancer cells have developed sophisticated mechanisms to evade immune detection and
destruction, ensuring their survival and proliferation [6]. These mechanisms are collectively
described as immune evasion and are pivotal to tumor progression and metastasis [6,7].
Immunoediting is a key process supporting immune evasion, which involves a dynamic
interaction between tumor cells and the immune system. During this process, the immune
system exerts selective pressure on tumor cells, eliminating those that are immunogenic
while allowing less-detectable variants to proliferate. This results in a heterogeneous tumor
microenvironment (TME) where cancer cells become increasingly adept at avoiding im-
mune recognition [8]. Notably, various solid tumors, including melanoma, exhibit immune
evasion mechanisms such as the high expression of PD-L1, which allows tumor cells to
inhibit T-cell activation. Additionally, tumors with significant mutational burdens, such
as those in non-small cell lung cancer (NSCLC), can develop resistance to immune check-
point blockade therapies. These mechanisms are crucial to understanding how tumors can
adapt and evade immune responses, highlighting the importance of developing targeted
immunotherapeutic strategies [4,5].

Another critical aspect of immune evasion is the tumor’s ability to create an immuno-
suppressive microenvironment. Cancer cells achieve this by secreting immunosuppressive
cytokines, such as transforming growth factor-beta (TGF-f3) and interleukin-10 (IL-10),
which inhibit the activity of effector immune cells. Additionally, tumors recruit regulatory
T-cells (Tregs) and myeloid-derived suppressor cells (MDSCs) to further dampen immune
responses. These actions collectively impair the function of tumor-infiltrating lymphocytes
(TILs), which are essential for the immune-mediated destruction of cancer cells [6,9]. Also, a
hallmark of tumor immune evasion is the downregulation or loss of tumor-specific antigens
(TSAs) and major histocompatibility complex (MHC) molecules on the surface of cancer
cells. This downregulation prevents effective antigen presentation to cytotoxic T lympho-
cytes (CTLs). Tumors may also express immune checkpoint ligands, such as programmed
death-ligand 1 (PD-L1), which bind to receptors on T-cells, inhibiting their activation and
promoting immune tolerance [10,11]. Due to evidence showing that the interaction between
immune cells and cancer cells plays a critical role in disease prognosis, cancer immunother-
apy is now considered the fourth main treatment. Despite these challenges, advances in
immunology and molecular biology have provided significant insights into the mechanisms
of immune evasion [7]. Emerging therapies, including immune checkpoint inhibitors, adop-
tive T-cell therapies, and cancer vaccines, aim to restore or enhance the immune system’s
ability to recognize and eliminate cancer cells. For instance, immune checkpoint blockade
therapies targeting PD-1, PD-L1, and CTLA-4 have revolutionized cancer treatment by
reactivating exhausted T-cells, enabling robust antitumor responses [12,13].
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In this context, the advent of vaccines has led to a distinction between preventive and
therapeutic vaccines in cancer immunotherapy. Preventive vaccines aim to induce immuno-
logical memory by administering vaccines to healthy individuals, thereby preventing the
morbidity associated with specific cancer types. In contrast, therapeutic vaccines are given
to cancer patients to enhance or reactivate their immune responses [14]. The primary goal
of cancer vaccines is to harness the immune system’s ability to eliminate tumor cells, akin
to its response against infectious diseases. The integration of vaccines with immune check-
point inhibitors, such as PD-1 and CTLA-4, has demonstrated remarkable improvements in
the efficacy of these therapies. This synergy not only enhances the elimination of tumor
cells but also helps overcome some of the mechanisms that tumors develop to evade the
immune system [7].

Additionally, achieving an effective immune response requires meticulous antigen
selection. Tumor antigens are categorized into TSAs, which are exclusive to tumor cells
and often arise from somatic mutations, and tumor-associated antigens (TAAs), which
may also be expressed in normal tissues but exhibit differential or aberrant expression in
tumors [2,15]. An emerging area of interest is neoantigens, proteins derived from tumor-
specific DNA mutations. The therapeutic potential of personalized neoantigens, derived
from unique tumor mutations, has become a focal point, allowing for the development
of vaccines that elicit highly specific immune responses. This personalization is key to
improving efficacy and minimizing side effects [14,16]. Moreover, vaccines targeting
multiple tumor antigens have been shown not only to induce specific immune responses
but also to generate long-term immune memory, which is crucial for preventing relapse [17].
Research into immunotherapy has indicated that, alongside vaccines, optimizing the TME
is also critical. Therapies that combine vaccines with microenvironment modulators may
help reinvigorate the patient’s immune system to combat cancer more effectively [18].

However, cancer vaccines face unique challenges compared to those for infectious
diseases. Tumors are dynamic and adaptive, capable of evolving mechanisms to evade
immune surveillance [2]. In recent years, research into nanovaccines has represented a
transformative advancement in cancer immunotherapy, combining nanotechnology with
precision medicine to improve antigen delivery, stability, and immunogenicity (Figure 1).
These nanoscale platforms ensure the targeted transport of tumor antigens and adjuvants,
enhancing the immune system’s ability to identify and attack tumor cells while minimizing
off-target effects. By encapsulating antigens within nanoparticles, nanovaccines protect
these molecules from degradation and optimize their presentation to immune cells, thereby
promoting a strong and sustained antitumor response [19,20]. One of the key advantages
of nanovaccines is their capacity to co-deliver multiple tumor antigens and immune-
stimulating agents, driving robust and multifaceted immune responses. Platforms such as
liposomes, polymeric nanoparticles, and lipid nanoparticles have shown great potential in
this regard, enabling the induction of both cellular and humoral immunity. These systems
are particularly valuable for addressing tumor heterogeneity by stimulating polyfunctional
T-cell responses that can target diverse cancer cell populations [21,22].

Moreover, the integration of nanotechnology into vaccine design allows for the per-
sonalization of cancer treatment by incorporating neoantigens unique to individual tumor
profiles. These personalized nanovaccines promise superior specificity and reduced off-
target effects, addressing the challenges of traditional immunotherapies [23]. Emerging
evidence further supports the role of nanovaccines in addressing the challenges posed by
immunosuppressive TMEs. The functionalization of nanoparticles with immune check-
point inhibitors or cytokine inducers has demonstrated the improved infiltration of effector
T-cells into tumors, marking a significant step toward the development of more effective
cancer vaccines [24]. Clinical and preclinical studies underscore the synergy of combining
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nanovaccines with modulators of the tumor microenvironment. By enhancing antigen
presentation and countering immune evasion mechanisms, these strategies hold promise
for achieving durable antitumor immunity and reducing cancer recurrence rates [25,26].

How Can Nanotechnology Help?

Cell-based vaccines Peptide/protein vaccines
Use tumor or modified immune cells Contain specific tumor protein
to train the immune system to target fragments to trigger a targeted l :
cancer. immune response. . I'd Tumor High
“« Specificity biocompatibilit
y
Access to

Immunogenic

= response
Use genetically modified viruses to Use DNA or RNA encoding tumor .
deliver tumor antigens, enhancing antigens to train cells to trigger an Stablllty of
immune response or directly destroying immune response. formulations (

tumor cells.
Viral vector-based vaccines  Nucleic acid vaccines L

Figure 1. Scheme of cancer vaccine categories: employing cells, proteins, viral vectors, nucleic acids,
and nanovaccines to optimize immune targeting of cancer cells through nanotechnology. The figure
was created using NIAID NIH BIOART: source bioart.niaid.nih.gov (accessed on 4 February 2025).

Over recent decades, significant progress has been achieved in cancer vaccine research,
driven by advances in antigen identification technologies and the development of diverse
vaccine platforms. Each of these approaches has contributed to expanding the landscape
of cancer immunotherapy, offering unique mechanisms for inducing antitumor immune
responses. However, nanovaccines have emerged as a particularly promising innovation,
providing advantages such as enhanced antigen stability, precise delivery to immune
cells, and the ability to integrate multiple therapeutic agents. This review examines the
mechanisms and therapeutic potential of nanovaccines, while also contextualizing them
within the broader spectrum of cancer vaccine strategies, highlighting their role in shaping
the future of personalized cancer immunotherapy (Figure 1).

2. Cell-Based Vaccines

Cell-based vaccines are prepared with either whole cells (modified or not) or part of
them. These vaccines contain tumor antigens, which can boost the immune response by
facilitating the identification and attack of cancer cells (Figure 2). The first vaccine based on
tumor cells or tumor lysates was developed in 1980. Autologous tumor cells were used in
this trial to treat colorectal cancer [27,28], and their results gave rise to greater interest from
the scientific community in this type of therapy. In 2010, a dendritic cell-based vaccine
(Sipuleucel-T) was successfully used to treat prostate cancer, demonstrating the feasibility
and wide application of cancer vaccines [29]. We can say, then, that these type of cell-based
vaccines are divided into tumor cell vaccines and immune system cell vaccines [30,31].

Tumor cell vaccines use the patient’s tumor cells (autologous) or allogeneic cell lines
that contain the antigens associated with tumors and, thus, the epitopes of CD4" helper
T-cells and CD8* CTLs. These irradiated tumor cells are administered together with an
adjuvant and may be able to induce the production of specific T-cells against any antigen
expressed by the tumor cells used [14,32]. However, the limiting factor is the number of cells
obtained, which do not reach the necessary quantities to overcome the immunosuppressive
environment of the tumor. This approach has been used in lung cancer [33], colorectal
cancer [34,35], melanoma [36], and prostate cancer [37], among others. In addition, in some
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cases, tumor cells are genetically modified to add functions such as cytokine production (IL-
21 or IL-7) [38,39] and granulocyte—-macrophage colony-stimulating factor (GM-CSF) [40].

Vaccine
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Qs Each strategy aims to activate

the immune system to combat
tumors with precision and
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Viral vector-based Nucleic acid
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Figure 2. Schematic representation of major cancer vaccine strategies: cell-based, peptide, nucleic
acid, and viral vector-based vaccines. The figure was created using NIAID NIH BIOART: source
bioart.niaid.nih.gov (accessed on 4 February 2025).

On the other hand, vaccines based on cells of the immune system make use of the role
that these cells have in enhancing the immune response to cancer. This is the case with the
use of dendritic cells (DCs), which are the main mediators of the presentation of antigens
to the immune system [41]. These DCs are loaded with tumor antigens or lysates, and once
activated, they are reintroduced to the patient to present these antigens to T lymphocytes,
activating a specific immune response against the tumor [42,43]. Most DC-based vaccines
are derived from monocytes, and good tolerance and efficacy results have been seen in
monocyte vaccination studies [27,31,41,44]. One of the emerging strategies in this field is the
use of cancer stem cells (CSCs). They are a subpopulation of the cells present in tumors that
have characteristics such as self-renewal and resistance to treatment, which contribute to
the development of cancer recurrence and metastasis [45,46]. Dendritic cells are sensitized
to CSCs or their lysates, which could allow targeted cytotoxicity (with the greater activation
of T lymphocytes against these CSCs) and decreased tumor cell migration [44,47]. There are
still no FDA-approved CSC-based vaccines, but multiple in vitro trials have demonstrated
their ability to inhibit tumor growth and metastasis [48,49].

2.1. GVAX, Provenge, and Canvaxin

GVAX is a cancer vaccine based on tumor cells modified to secrete GM-CSE. It is
administered once the tumor is irradiated to stop the uncontrolled proliferation of tumor
cells [50,51]. There are two modalities of the GVAX vaccine: one that uses the patient’s cells
(autologous), and another that uses non-patient-specific cells (allogeneic). It has been seen
in clinical trials that this vaccine has promising results in the treatment of lung carcinoma,
with a relationship having been identified between GM-CSF secretion and a good prognosis
of the disease [52,53]. Efficacy has also been seen in phase II clinical trials for pancreatic
cancer, in combination with radiotherapy [14,54].

Sipuleucel-T is a type of vaccine based on autologous cells. It is made from a leukocyte
fraction obtained from the patient’s peripheral blood, which is cultured with an antigen
specific to prostate carcinoma, known as prostatic acid phosphatase (PAP), in the presence
of GM-CSF [55]. DCs, which constitute approximately 11.2% of the preparation [56], are the
main active components and have the function of presenting the PAP antigen to activate
and induce antigen-specific T-cells in the patient. Sipuleucel-T was the first therapeutic
cancer vaccine, approved for clinical use in 2010 under the name Provenge. This vaccine
has been shown to increase the average overall survival by 4 months in patients diagnosed
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with prostate cancer [57-59]. Provenge is an example of a personalized vaccine, which has
been created using mass spectrometry or other methods, such as exome sequencing. The
objective of this type of vaccine is to identify the mutation and neoantigen characteristics of
the patient’s tumors, and their great potential has been seen in clinical trials [57,60]. Finally,
Canvaxin can overcome the hurdle of vaccines that use the patient’s cells, as it employs
tumor cell lines. It has been studied in prostate, breast, and pancreatic cancers [14,61,62].

While all three vaccines share the goal of enhancing the host’s immune response to
tumor antigens, they differ in their design and application. GVAX and Canvaxin rely on
whole tumor cells, with GVAX focusing on GM-CSF secretion, while Provenge is a more
targeted approach, using DCs to present a specific tumor antigen. Provenge has achieved
regulatory approval with modest survival benefits, while GVAX and Canvaxin have shown
promise in early trials but face challenges in demonstrating consistent efficacy in larger
studies. Personalized vaccines like Provenge face logistical and cost barriers, while GVAX
and Canvaxin must overcome issues related to scalability, immunogenicity, and variability
in patient responses [57-61].

2.2. Improving Immunogenicity

In recent years, multiple advances have been made in the development of vaccines
based on tumor cells. For this type of vaccine to be effective, it is essential to enhance their
immunogenicity. These cells secrete soluble factors that could suppress immune system
cells [63,64]. Some approaches would be to use dead cells instead of living cells, as these
induce an enhanced immune response, modify tumor cells, or use radiotherapy [27].

To cause cell death in tumor cells, oncolytic adenoviruses, coxsackieviruses, or measles
virus, among others, are often used [65]. These can produce phenotypes that result in
immunogenic cell death (ICM). In addition to the host-specific damage-associated molec-
ular patterns (DAMPs), therapy using oncolytic viruses leads to the release of pathogen-
associated molecular patterns (PAMPs). This results in the increased recruitment of immune
system cells into the immunosuppressive environment that tumors create to prevent their
destruction [66,67]. In this way, the cross-presentation of tumor-associated antigens be-
comes more effective, a phenomenon by which antigen-presenting cells (APCs) capture
exogenous tumor antigens and process them to present them in molecules of the main histo-
compatibility complex class I (MHC-I). This mechanism allows the activation of CTLs [68].
Another option is the use of oxaliplatin, but adenoviruses have been shown to induce
immunogenic cell death better [69]. In the case of neuroblastoma, it has been seen that the
use of nanoparticles to activate interferon genes achieves the effective apoptosis of these
tumor cells [70].

When it comes to modifying tumor cells, the main objective is to improve the antigen
presentation to improve the immune response. Two factors that can increase the response
of T-cells are IL-21 (interleukin 21) and IL-7. Vaccines that present this genetic modification
have shown great efficacy [38]. Likewise, the use of adjuvants has been shown to improve
antigen presentation. As is the case in the use of nanoparticles loaded with cytosine—
phosphate—guanine (CpG) to mark tumor cells in the process of apoptosis. Another way
to boost immunogenicity is to use combination therapy, which involves using whole-
cell vaccines along with immune checkpoint inhibitors. Blocking PD-L1, a protein that
controls the body’s immune response, has already been shown to improve the response
to vaccination. These immune checkpoint inhibitors work by attaching to PD-L1 and
preventing it from binding to PD-1, a protein in T-cells. When this binding is impeded,
T-cells become active and kill cancer cells [71,72].

When radiation therapy is used in conjunction with DC vaccines, there is a greater
involvement of tumor-associated neutrophils. This means that reactive oxygen species are
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produced to a greater extent, which increases the damage suffered by tumor cells, leading to
apoptosis. This leads to the release of tumor neoantigens, which allows DCs to mature and
recognize antigens more easily. In addition, if the vaccine is used together with cytokines,
chemotherapy, or adjuvants, its efficacy improves [73-75].

2.3. Limitations of Monotherapy Vaccines

Cancer vaccines in monotherapy face several limitations that restrict their clinical
efficacy. This is due, among other factors, to the presence of an immunosuppressive tumor
microenvironment. The tumor environment is usually dominated by immunosuppressive
cells and molecules, such as regulatory T-cells (Tregs), tumor-associated macrophages
(TAMs), and cytokines such as TGF-f and IL-10, which inhibit the immune response
generated by the vaccine [76,77]. Likewise, a good selection of antigens to activate CD8*
and CD4" T-cells is necessary to enhance the efficacy of our vaccine. Many tumors lack
highly immunogenic neoantigens, which hinders the efficient activation of the immune
system by vaccines [57]. Another key aspect is that vaccines, in monotherapy, often generate
a weak or insufficient immune response to completely eradicate tumor cells, especially
in the advanced stages of the disease. Also, we found limitations in terms of the type
of DCs used. Monocyte-derived DCs, commonly used in vaccines, often have a limited
ability to migrate to lymph nodes and efficiently activate T lymphocytes. This can reduce
the generation of robust immune responses [78,79]. This could be solved by forcing them
to migrate to the lymph nodes, allowing them to mature. The function of the nodules
is to optimize the immune response by facilitating the interaction of APCs with T-cells,
promoting their activation and proliferation. When warning signals are detected, DCs
are rapidly activated, migrate from peripheral tissues to lymph nodes, and undergo a
maturation process, enabling them to efficiently present antigens and trigger a robust
adaptive immune response [80]. Another strategy to induce the maturation of DCs is
through the use of FLT3 receptor ligands (FLT3Ls). These ligands are proteins that act
as growth factors derived from the receptor tyrosine kinase type 3 (FLT3), playing a
fundamental role in the differentiation, proliferation, and survival of DCs [66].

An example of this process is that of CD103+ DCs. These move from the tumor to
the lymph nodes after antigen recognition occurs and are needed for cross-presentation
with CD8" T-cells. For this process to be carried out effectively, the CCR7 chemokine
receptor is necessary [81,82]. Studies in mouse models have shown that those that are
deficient in the CCR7 receptor are also deficient in CD103+ cells and that by increasing
the expression of CCR7, the migration of DCs to the lymph nodes also increases [66]. It
should also be taken into account that tumors undergo constant changes and mutations
to escape the immune system, such as angiogenesis or the regulation of molecules with
a suppressive function of the immune system [14,27]. That is why, compared to other
therapeutic strategies against cancer, vaccines show limited benefits. To evaluate the
efficacy of vaccines, it is also necessary to identify biomarkers in patients that allow us to
see the antitumor response. Although some biomarkers, such as CXCR4 and CD32, have
been proposed, their effectiveness is still limited [57], underscoring the need to develop
more precise and specific indicators to assess antitumor responses in the clinical context.

2.4. Glioblastoma Multiforme

One of the main challenges in cancer treatment is brain tumors, particularly malignant
gliomas, such as glioblastoma multiforme (GBM). This type of tumor presents multiple
obstacles to be addressed by immunotherapeutic vaccines, due to [83]
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- The presence of the blood-brain barrier, which limits the access of many immune
system cells to brain tissue, restricting their ability to exert an effective response
against tumors.

- The lack of antigens, specific to the glioma, identified.

- The ability of the glioma to create an immunosuppressive tumor microenvironment.

Since 2000, a deeper understanding of the interaction between the immune system
and the central nervous system has been achieved, as well as the mechanisms that allow
the selective penetration of substances through the blood-brain barrier. This advance has
facilitated the identification of glioma-specific antigens, which has represented significant
progress in the development of immunotherapeutic vaccines targeting this type of tu-
mor [58,83,84]. GBM began being treated using CD14+ monocytes isolated from peripheral
blood. These monocytes were differentiated into immature DCs in the presence of GM-CSF
and IL-4. Antigens were then presented to the DCs, which matured in the presence of
factors such as IL-4, IL-6, GM-CSF, and tumor necrosis factor o« (TNF-) [85]. The use of this
type of vaccine against GBM disease was first described in 2000 by Liau et al., who managed
to prolong the life of a patient by 21 months [86]. Subsequently, between 2001 and 2004 it
was shown that DCs could be loaded with the peptides present on the surface of glioma
cells, with good results both in terms of safety and the activation of the immune response.
In that study, the overall survival of eight patients was increased by an average of two
and a half years [58,87]. In a more recent clinical trial, the ICT-107 study demonstrated the
importance of glioma-specific antigens in vaccine development. ICT-107 is an autologous
dendritic cell vaccine pulsed with six synthetic peptide epitopes targeting glioblastoma
tumor and stem cell-associated antigens: MAGE-1, HER-2, AIM-2, TRP-2, gp100, and
IL13Ro2 [88]. This randomized, double-blind, placebo-controlled phase II trial evaluated
the efficacy and safety of ICT-107 in newly diagnosed glioblastoma patients. Although the
primary endpoint of median overall survival did not show a significant difference between
the ICT-107 and control groups, progression-free survival was significantly improved in
the ICT-107 cohort. Notably, patients in the HLA-A2 subgroup exhibited enhanced clinical
and immunological responses to the vaccine.

It is also possible to use tumor lysates, which include a wide range of antigens as-
sociated with various types of tumors. These are presented to DCs and the MHC in the
presence of cytokines such as IL-4, IL-6, TNF-&, and GM-CSF, which favors the maturation
of DCs and facilitates their ability to present antigens to MHC more efficiently [89]. The
disadvantage of using tumor lysates is the poor immunogenicity they may present. How-
evet, it can be solved with the presence of the cytokines mentioned above and with the
use of hypochlorous acid (HOCI). The addition of GM-CSF to tumor lysate vaccines has
been shown to enhance the maturation and activation of DCs, which are critical for antigen
presentation. The presence of cytokines such as L-12 and IFN-y can further promote the
activation of CTLs and natural killer (NK) cells, enhancing the immune response against
glioblastoma cells [90]. These cytokines also help in reshaping the tumor microenviron-
ment, making it more conducive to immune cell infiltration and activation. HOCI has the
property of enhancing the immunogenicity of tumor lysates by modifying the lysates to
improve antigen presentation. This acid induces changes that increase the ability of APCs
to recognize and present tumor antigens more effectively to T-cells, while also reducing
the presence of immunosuppressive factors within the lysates. Additionally, it has the
property of causing the cell death of the cancer cells to occur more quickly [58,91]. From
a safety point of view, clinical trials of DC vaccines have been carried out in phases I
and II, and hardly any adverse effects have been found, except for diarrhea, vomiting,
fatigue, etc. The greatest concern about exposure to cancer antigens is the increased risk of
developing cancer, but this adverse effect has not been confirmed. On the other hand, the
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development of autoimmune phenomena is not observed when this type of vaccination is
carried out [57,92-94].

3. Peptide and Protein Vaccines

Protein- or peptide-based vaccines are designed to generate immunity against specific
epitopes, which are specific regions of an antigen recognized by the immune system
(Figure 2) [95]. These epitopes come from the proteins and peptides unique to cancer
cells and are usually not found in normal tissues. The antigens used in these vaccines are
artificially synthesized in the laboratory and, once administered, are processed by the APCs
and presented on their surface in the context of MHC [96,97].

When T-cells detect these antigens, a specific immune response against the cancer is
triggered. Currently, numerous tumor-associated, antigen-derived epitopes (TAAs) capable
of binding to MHC have been identified [97,98]. In addition, antigens caused by mutations
unique to cancer cells, known as neoantigens, have become very relevant, as they allow the
immune system to attack tumor cells directly. To identify these neoantigens more efficiently,
advanced computational algorithms are being developed [10,99].

Although the early phases of clinical trials with protein and peptide vaccines
have shown encouraging results, most phase III trials have not achieved the expected
success [10,100]. This is mainly because the antitumor responses generated have not been
effective enough. Even when T-cell responses were activated, the success rates in terms
of tumor clearance were low, with less than 10% efficacy in some cases [101]. This limited
result can be explained by factors such as the immune escape mechanisms of the tumor
and the immunosuppressive environment that forms in the tumor microenvironment [14].

3.1. Classification and Clinical Trials of Peptide Vaccines

To ensure the efficacy of a peptide-based vaccine, it is critical to select antigens that
are specifically expressed on the surface of tumor cells and that are recognized by T-cells.
Additional key factors include the optimal length of peptide chains, the diversity and
quantity of the peptides used, as well as the strategic choice of targeted epitopes. In the
latter aspect, it is crucial to decide whether to prioritize the epitopes capable of activating
CD4* or CD8" T-cells [102].

Peptide vaccines are mainly divided into two categories: long-chain peptide vaccines
and short-chain peptide vaccines [103,104]. Long-chain formulations have the advantage
of being processed and presented by both MHC class I and class II molecules. This ability
allows APCs to activate both CTLs and helper T-cells, thus optimizing the efficacy of the
CTL-mediated antitumor response. More importantly, the processing of these long-chain
peptides prevents the induction of anergy in T-cells, thanks to the simultaneous activation
of specific T-cell receptors and costimulatory molecules, which ensures robust immune
signaling [2,105,106]. Currently, efforts in the development of these vaccines are focused
on including epitopes capable of effectively stimulating both CTLs and helper T-cells, max-
imizing the synergy between both cell populations in the context of immunotherapy [107].
Most of the peptide vaccines developed to date are based on short-chain peptides, which
are presented exclusively by MHC class I molecules [108]. These peptides can bind directly
to cells without requiring prior intracellular processing. However, when these peptides
are presented to CD8" T-cells in the absence of adequate costimulatory signals, immune
tolerance can be induced, promoting an environment conducive to the development and
progression of cancer [109]. These types of vaccines have been investigated in several types
of cancer. In 2017, the FDA approved the use of DSP-7888, an innovative peptide vaccine
designed to treat Wilms tumor, a rare type of kidney cancer [110]. On the other hand,
widely used vaccines such as Cervarix, Gardasil, and Gardasil 9 also belong to the category
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of peptide vaccines and have been approved for therapeutic use. These vaccines target hu-
man papillomavirus (HPV), an etiologic agent linked to cervical and anal cancer [110,111].
However, despite advances, peptide vaccines have shown limited clinical results in terms
of therapeutic efficacy in clinical trials, highlighting the need to optimize their design and
approach [112].

Currently, peptide-based vaccines are being evaluated in clinical trials for various
types of cancer, including lung cancer [113], pancreatic cancer [108], and melanoma [114].
Mittendorf et al. demonstrated in clinical studies that E75, a peptide derived from human
epidermal growth factor receptor 2 (HER2), is safe and effective, advancing to phase III
clinical trials [115]. In addition, phase II research suggested that the combination of GP2
and GM-CSF could prevent relapses in breast cancer patients. This peptide vaccine was also
found to show a particularly promising performance in patients with HER2-positive tumors
who had been previously treated with trastuzumab, suggesting a synergistic approach to
reduce the risk of recurrence in this specific subgroup of patients [106].

Survivin is a protein with anti-apoptotic functions that is widely expressed in various
types of cancer. A vaccine developed with this antigen incorporated three short-chain
peptides containing multiple epitopes: eight specific to CD4* T-cells and six to CD8" T-
cells [116]. This design allowed for the simultaneous activation of both T-cell subtypes,
promoting a robust immune response. In preclinical studies, this vaccine was evaluated
in murine models of colorectal cancer and B lymphoma. The results showed remarkable
efficacy in inhibiting tumor growth, in addition to significantly extending the survival of
treated mice, achieving an increase of up to 60 days in life expectancy [117].

Mucin-1 (MUC-1) is a glycoprotein that has a nucleus formed by a sequence of
20 amino acids repeated in tandem, known as variable number tandem repeats (VNTRs).
In the context of cancer, this protein exhibits aberrant glycosylation with a reduction in
carbohydrate side chains [118,119]. This structural change exposes more immunogenic
epitopes of MUC-1, which activates both the antibody response and the CTL response. In a
clinical trial, the injection of a MUC-1-derived peptide containing five VNTR repeats was
evaluated in nine breast cancer patients. The results showed that, in seven of them, there
was a significant increase in the production of IgG and IgM immunoglobulins specific to
the MUC-1 peptide [120].

Finally, the Ras oncogene is part of one of the main cell signaling pathways, known as
the Ras/MAPK pathway, which regulates processes such as cell proliferation, differentia-
tion, and survival [121]. Under normal conditions, Ras remains inactive in the cytoplasm of
the cell. Its activation occurs when a ligand, such as a growth factor (e.g., EGF, epidermal
growth factor), binds to its specific receptor on the surface of the cell, usually a receptor
tyrosine kinase (RTK). However, in many cases of pancreatic and colorectal cancer, Ras
exhibits constitutive activation due to mutations, which causes uncontrolled cell division
and contributes to tumor growth [122,123]. Several clinical trials have been conducted
focused on immunizing against the Ras protein, using adjuvants and peptides of various
lengths designed to bind to APCs. Although these studies failed to demonstrate significant
clinical responses in terms of tumor shrinkage, they did show a positive correlation between
immune cytokine activation and a modest increase in patient survival [120].

3.2. Improving the Efficacy of Peptide Vaccines

To increase the efficacy of peptide-based vaccines, a strategic selection of the peptides
used is critical. This can be achieved by using computational algorithms designed to
analyze the interaction between peptides and MHC molecules. These algorithms leverage
detailed information about the amino acid sequence and the three-dimensional structure of
the peptides, allowing their binding affinity to MHC to be accurately predicted [124]. In ad-
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dition, whole-exome sequencing techniques offer a complementary approach by identifying
tumor cell-specific neoantigens. These antigens, generated by unique somatic mutations of
the tumor, are not present in normal tissues, which makes them ideal for designing highly
immunogenic vaccines with a lower risk of inducing autoimmune responses [112,125]. In
this context, personalized vaccines targeting neoantigens have demonstrated significantly
higher success rates. These vaccines are designed and synthesized based on the unique
genetic and molecular characteristics of each patient’s tumors [126]. The integration of the
techniques with select neoantigens with a high affinity for MHC has made it possible to
predict the efficacy of these vaccines more accurately, optimizing the antitumor immune
response and improving therapeutic results.

One of the main challenges of peptide vaccines is their limited ability to present anti-
gens effectively. This problem can be addressed using TLR adjuvants or agonists, which
enhance immune signaling and increase the effectiveness of the immune response [127,128].
Adjuvants work by stimulating the immune system to enhance T-cell activation and antigen
presentation, thereby optimizing the response against the vaccine antigen. Among the most
used adjuvants are alum, monophosphorylated lipid A, polyinosinic-polycytidylic acid,
CpG oligodeoxynucleotides, and the emulsifier Montanide ISA 51 [129-133]. In addition,
GM-CSF is also employed as an adjuvant due to its ability to recruit and activate antigen-
presenting cells [106,112]. Alum is present in many vaccines that are already authorized
for therapeutic use by the FDA. Its main function is to enhance the immune response
by facilitating the activation of APCs. On the other hand, monophosphorylated lipid A
acts as a Toll 4 receptor (TLR4) agonist, promoting the activation of DCs and improving
the stimulation of CTLs. Similarly, CpG oligodeoxynucleotides interact with TLR9, while
polyinosinic—polycytidylic acid acts on TLR3. Both agonists stimulate DCs, increase anti-
gen presentation, and amplify immune activation. Clinical studies have shown that the
incorporation of these adjuvants into peptide-based vaccines significantly improves their
efficacy [106,131]. Montanide ISA 51 works by enhancing both the immune response and
the extended-release effect of vaccines [134]. This adjuvant remains at the injection site
for weeks or even months, ensuring the continued presence of the epitopes capable of
activating T-cells. In this way, the immune response is optimized, which improves the
effectiveness of vaccines. Several studies have shown that the combination of Montanide
with the peptides of the oncoproteins E6 and E7 stimulates both CD4* and CD8" T lym-
phocytes, favoring a more robust and tumor-directed immune response [106,133]. The last
adjuvant to mention is GM-CSF. Its mechanism of action consists of attracting DCs to the
skin, where the tumor epitopes are found. In addition, it has been observed that GM-CSF
can contribute to antiangiogenesis, which limits the blood supply to tumors, preventing
their growth. This adjuvant has been used in the final stages of clinical trials. As for the
adverse effects associated with GM-CSF, the most common and serious detected has been a
local reaction at the injection site [106,135].

3.3. Combination with Other Therapies

One of the main drawbacks of peptide-based vaccines is their limited efficacy when
given as monotherapy. However, their therapeutic performance is significantly improved
when combined with other antitumor strategies or immunomodulatory drugs. A prominent
example of an effective combination is the co-administration of peptide vaccines with
immune checkpoint inhibitors [117]. Immune checkpoint inhibitors regulate the response
of T-cells by blocking molecules that act as brakes on immune activation, such as PD-1/PD-
L1 and CTLA-4. These molecules normally prevent autoimmune responses by limiting
T-cell activity [136]. However, in the tumor context, they can also reduce the function of
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CTLs, allowing cancer cells to escape immune control. Blocking these checkpoints with
inhibitors ensures that CTLs maintain their ability to specifically target tumor cells [137].

In addition, peptide vaccines can be combined with other existing antitumor therapies.
We have previously mentioned the anti-HER2 monoclonal antibody, trastuzumab, used in
the treatment of breast cancer. Trastuzumab facilitates the elimination of tumor cells by
T-cells and antibodies, increasing the vulnerability of malignant cells [138]. In one study,
anti-HER?2 antibodies were shown to enhance the response of DCs and specific CTLs to
HER2-derived peptides, compared to using the peptide alone. In a phase II clinical trial, the
combination of trastuzumab with GM-CSF and E75 peptide demonstrated that the vaccine
was safe and had no significant adverse effects [117,139,140].

An additional combination under investigation is the use of cyclophosphamide in
conjunction with personalized vaccines. Cyclophosphamide, at high doses, exerts cytotoxic
effects, while at low doses it acts as an immunomodulator [141,142]. A phase II clinical trial
evaluated the efficacy of personalized vaccines in combination with cyclophosphamide
in patients with biliary tract cancer. Although no significant differences were observed in
therapeutic efficacy compared to the use of the vaccine alone, there was evidence of an
increase in survival in patients treated with the combination. This benefit was attributed to
the reduction in the levels of interleukin-6 (IL-6), a cytokine associated with a better clinical
prognosis [143].

4. Nucleic Acid Vaccines

Nucleic acid vaccines, encompassing DNA- and RNA-based platforms, represent a
groundbreaking approach to cancer immunotherapy. By delivering genetic material into
hosT-cells, these vaccines enable the production of TAAs, which activate the immune
responses capable of targeting and destroying cancer cells (Figure 2) [144,145]. They are
also quite stable, safe, and effective [14,146]. DNA-based immunization began in the
1990s with the discovery of a plasmid DNA encoding the nucleoprotein of the influenza
A virus. DNA vaccines need to reach the cytoplasm of APCs to access the nucleus and
initiate transcription, a crucial step in the process. However, RNA vaccines do not integrate
into the genome, which prevents carcinogenic effects. Additionally, RNA vaccines do
not need to enter the nucleus, resulting in a very low likelihood of adverse effects. Their
only disadvantage compared to DNA vaccines is that they degrade more easily, but their
stability can be increased by using liposome formulations or stabilizing adjuvants [146,147].
Their versatility allows for personalization and the tailoring of vaccines to individual
tumor profiles. Recent advancements in delivery systems, such as lipid nanoparticles
and biodegradable polymers, have improved their efficacy and safety, paving the way
for next-generation, patient-specific treatments. Both platforms hold promise but require
advancements in delivery systems and safety optimization to fully realize their therapeutic
potential [145,148].

4.1. DNA Vaccines

DNA vaccines have emerged as a promising approach in cancer immunotherapy due
to their ability to induce strong immune responses by delivering genetic material that
encodes tumor antigens. These vaccines can be plasmid-based or mRNA-based, with each
offering distinct advantages. Plasmid DNA vaccines are advantageous because they are
stable, easy to produce, and can be designed to encode specific antigens, allowing for
targeted immune activation. They stimulate both cellular and humoral immunity, making
them effective in inducing robust immune responses against cancer cells [148,149]. Recent
research has shown that the combination of DNA vaccines with adjuvants or the use of
novel delivery systems, such as nanoparticles, can significantly enhance vaccine effective-
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ness by improving antigen presentation and boosting immune responses. Moreover, DNA
vaccines targeting tumor-specific neoantigens are gaining traction, offering the potential
for personalized cancer immunotherapy. These vaccines can be tailored to the individual’s
tumor profile, which may increase specificity and reduce off-target effects [150].

Strategies to enhance DNA vaccines for cancer focus on improving immune responses
by optimizing antigen delivery, immune cell activation, and overcoming tumor-induced
immune suppression. One promising approach is the “prime-boost” strategy, which com-
bines an initial DNA vaccine administration with subsequent vaccination using viral or
bacterial vectors encoding the same antigen. This strategy increases the production of
antigen-specific T-cells and activates TLRs, stimulated by danger signals from bacterial
vectors. This method has shown positive results in hepatocellular carcinoma patients. Clin-
ical trials are also investigating a vaccine encoding HER-2 and carcinoembryonic antigen
(CEA), combined with an E. coli toxin [151]. Another effective approach is combining
DNA vaccines with immunomodulators such as cytokines. Cytokines stimulate immune
responses, and their co-administration with DNA vaccines using plasmids encoding cy-
tokines such as IL-2 and GM-CSF enhances T-cell activation and dendritic cell maturation
without causing systemic toxicity. IL-2, approved for use in metastatic melanoma and renal
carcinoma, promotes T-cell maturation and activation. GM-CSF, often used in clinical trials,
plays a role in dendritic cell maturation and T-cell activation by promoting the production
of granulocytes and macrophages that assist in antigen presentation [147]. On the other
hand, Chimeric DNA vaccines, which combine elements from xenogeneic species with
self-antigens, have shown promise by stimulating a robust immune response without
tolerance issues. However, studies suggest that self-antigens generally produce a stronger
and more specific antibody response. To enhance this effect, hybrid plasmids combining
xenogeneic and autologous antigens, such as the plasmid encoding the neu-HER2 antigen
for targeting ErbB2+ tumors, are being developed [152].

Furthermore, DNA nanovaccines have gained significant attention in cancer im-
munotherapy due to their ability to enhance the immune response by combining the
benefits of DNA vaccination with the targeted delivery capabilities of nanomaterials. By
encapsulating tumor-associated antigens within nanoparticles, these vaccines not only im-
prove the stability and efficiency of antigen delivery but also allow for the precise targeting
of immune cells, reducing potential side effects [153,154]. Various nanomaterials, including
liposomes, dendrimers, and polymeric nanoparticles, have been explored as carriers for
DNA vaccines, offering improved penetration into tumor tissues and the better activation
of immune responses. In addition, nanoparticle-based systems can incorporate immune
modulators or adjuvants, further boosting the vaccine’s effectiveness by enhancing the
body’s immune recognition of cancer cells [154,155]. These advancements are leading to
more effective and personalized cancer immunotherapies, overcoming previous limitations
in DNA vaccine delivery and providing new hope for more robust cancer treatments.

4.2. Messenger RNA (mRNA) Vaccines

mRNA vaccines have gained significant attention as a promising cancer immunother-
apy due to their ability to induce both humoral and cellular immune responses. These
vaccines deliver synthetic mnRNA encoding tumor-associated antigens, which are translated
into proteins by host cells. These proteins are then presented to MHC molecules, activating
CD8* and CD4" T-cells, essential for an effective antitumor response. A notable advantage
of mRNA vaccines is their rapid production and cost-effectiveness, as they can be synthe-
sized quickly without cell-based systems. Additionally, mRNA vaccines do not integrate
into the host genome, eliminating concerns about insertional mutagenesis and reducing the
risk of toxicity [156,157]. Recent studies have highlighted the importance of personalized
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cancer vaccines, where mRNA vaccines are designed to target neoantigens unique to an
individual’s tumor, further improving the specificity and efficacy of the treatment [158]. In
addition to neoantigens, mRNA vaccines can be combined with other immunotherapies,
such as immune checkpoint inhibitors, to enhance the overall antitumor response. These
combination therapies hold great potential for overcoming the resistance mechanisms that
tumors often develop against single-agent treatments [159]. One of the major advantages
of mRNA vaccines is their rapid production and cost-effectiveness, as the mRNA can be
synthesized quickly without the need for cell-based systems. To improve the efficacy of
mRNA vaccines, researchers focus on optimizing their formulation. Key modifications,
such as adding a 5" cap structure and a Poly(A) tail, enhance the stability of the mRNA,
which is crucial for its successful translation and immune activation [160].

To enhance their efficacy, adjuvants and delivery systems play a pivotal role. Lipid
nanoparticles (LNPs) protect mRNA from degradation and improve cellular uptake, facili-
tating efficient antigen presentation. However, challenges like inflammatory responses to
LNPs underscore the need for alternative systems. Emerging approaches, such as polymeric
micelles, offer promising solutions by ensuring stability and minimizing adverse effects
while still enhancing immune activation [157,160]. LNPs, comprising cholesterol, ionizable
lipids, and polyethylene glycol (PEG), are effective at promoting the cytoplasmic delivery
of mRNA by facilitating endosomal escape, a crucial step for successful antigen transla-
tion [161]. Moreover, LNPs are commonly used to deliver the mRNA into cells, protecting
it from degradation and facilitating its uptake by APCs [162]. Additionally, hybrid and
biomimetic systems have been developed to incorporate targeting features that minimize
side effects while maximizing therapeutic specificity [163]. Research also emphasizes the
functionalization of nanoparticles to modulate immune responses, optimizing both antigen
presentation and T-cell activation. For instance, nanoparticles with polymeric coatings have
demonstrated an enhanced ability to elicit robust adaptive immune responses [164]. Emerg-
ing technologies further explore the use of polymeric micelles and next-generation carriers,
which significantly improve the stability and bioavailability of mRNA while reducing
adverse effects compared to traditional delivery systems [165].

Ongoing clinical trials and preclinical studies continue to explore the full potential of
mRNA-based vaccines in treating cancer, with promising results suggesting that mRNA
vaccines could play a key role in the future of cancer immunotherapy [166].

4.3. Clinical Outcomes in DNA and RNA Cancer Vaccines

Clinical trials for DNA vaccines in cancer therapy have shown promising results. VGX-
3100, targeting HPV-related cervical cancer, demonstrated safety and improved CD8* T-cell
responses, leading to ongoing phase III trials. GX-188E, another HPV vaccine, showed
success in combination with pembrolizumab for advanced cases, enhancing immune ac-
tivity against viral proteins. In breast cancer, a mammaglobin-A DNA vaccine boosted
immune responses and survival without significant side effects, showing potential along-
side chemotherapy and endocrine therapy [147,151]. For instance, a phase I trial evaluated a
DNA vaccine targeting the intracellular domain of ERBB2 (HER?2) in patients with advanced
HER2-positive breast cancer. The study confirmed the vaccine’s safety and identified the
optimal dose (100 pg), which elicited robust ERBB2-specific T-cell responses. These immune
effects suggest potential synergy with other therapies, paving the way for combination
strategies to improve clinical outcomes [167]. Another clinical trial produced data related
to the personalized neoantigen vaccine NEO-PV-01 in combination with standard-of-care
chemotherapy and anti-PD-1 therapy for the first-line treatment of advanced non-squamous
non-small cell lung cancer (NSCLC). A phase Ib clinical trial (NCT03380871) demonstrated
the feasibility and safety of this regimen. The trial showed promising antitumor activity
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with a high objective response rate and improved progression-free and overall survival,
particularly among patients who completed the vaccination regimen [168]. In glioblastoma
patients, a phase I/Ib clinical trial explored personalized neoantigen vaccines in newly di-
agnosed patients. The vaccine was safe and feasible, generating robust neoantigen-specific
T-cell responses in dexamethasone-free patients, with evidence of these cells infiltrating
the tumor. While all the patients eventually experienced disease progression, the observed
median progression-free and overall survival times (7.6 and 16.8 months, respectively)
suggest the potential clinical benefit, warranting further investigation in larger, controlled
trials [169]. Lastly, another study’s AMPLIFY-201 phase I trial evaluated ELI-002 2P, a novel
lymph-node targeted vaccine, in patients with minimal residual KRAS-mutated pancreatic
or colorectal cancer. ELI-002 2P was well-tolerated, eliciting robust, multi-epitope-specific
T-cell responses in 84% of patients, strongly correlating with tumor biomarker reduction
(84%) and improved relapse-free survival. The vaccine’s amphiphilic design promotes
lymph node delivery and robust T-cell activation [170].

Regarding mRNA vaccines, a phase I trial (NCT04161755) assessed autogene ce-
vumeran, a personalized RNA neoantigen vaccine, in resected pancreatic ductal adeno-
carcinoma (PDAC) patients. The vaccine was safe and readily administered post-surgery.
It induced robust, polyfunctional neoantigen-specific CD8* T-cell responses in half of the
patients, correlating with significantly longer recurrence-free survival (RFS) in a biomarker-
evaluable cohort. A CloneTrack analysis revealed vaccine-expanded T-cell clones that
persisted long-term and re-expanded upon boosting [171]. Preclinical research using
a murine model of metastatic pancreatic ductal adenocarcinoma (PDAC) revealed that
combining anti-CD137 agonist antibody with the GVAX vaccine and an anti-PD-1 block-
ade significantly improved survival, increasing the costimulatory molecule expression of
tumor-infiltrating T-cells and boosting activated effector memory T-cells within the tumor
microenvironment. This finding, supported by a correlation between high CD137 expres-
sion and increased CD8" T-cell density in human PDAC samples, led to a clinical trial
(NCT02451982) incorporating this combination therapy [172]. Another example of advance-
ment in the clinic with these vaccines is the phase I/1I clinical trial (NCT03480152) that
tested mRNA-4650, a novel mRNA vaccine incorporating multiple neoantigens, predicted
neoepitopes, and driver gene mutations, in four patients with metastatic gastrointestinal
cancer. The vaccine was safe and generated neoantigen-specific T-cell responses, including
the identification of KRASG12D-specific T-cell receptors. However, no objective clinical
benefit was observed. Further research combining mRNA-4650 with checkpoint inhibitors
or adoptive T-cell therapy is warranted [173]. Despite promising results, clinical trials of
DNA and RNA vaccines face several limitations, particularly relating to immune escape
mechanisms. Tumors and certain pathogens can develop strategies to evade the immune
response, such as losing specific antigen expression or creating an immunosuppressive
microenvironment, which may reduce the effectiveness of vaccines [174]. To overcome
these limitations, the combination of vaccines with other therapies has been explored. For
example, immune checkpoint inhibitors, such as anti-PD-1 or anti-CTLA-4, can enhance
the immune response by removing the regulatory brakes on the immune system, allowing
for a more effective action against tumor or infectious cells [175]. Additionally, combining
vaccines with chemotherapy or radiotherapy may modify the tumor microenvironment,
making it more conducive to an effective immune response. These combined strategies
aim not only to improve the initial immune response but also to maintain it over the long
term, reducing the chances of immune escape and increasing progression-free and overall
survival in patients [176].
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5. Viral Vector-Based Vaccines

In recent decades, viruses have aroused a growing interest in the field of cancer im-
munotherapy due to their ability to interact in a specific way with the immune system and
the tumor microenvironment. Their ability to infect host cells, integrate into the genome,
and replicate gives them unique properties. These characteristics allow viruses to act
as vectors for gene transfer, as adjuvants that enhance the immune response, or even as
oncolytic agents capable of destroying tumor cells directly (Figure 2) [177,178]. As has been
mentioned, achieving robust cellular immunity is one of the key requirements for cancer
vaccines to be effective. This can be achieved using viral vectors, which not only facilitate
the efficient expression of specific antigens but also stimulate the immune system by boost-
ing T-cell activity [179,180]. Among the most commonly used vectors are adenovirus [181],
poxvirus [182], and vaccinia virus [183]. Adenoviruses have been utilized to deliver tumor
antigens into muscle tissue, leveraging their capacity for efficient transfection to stimulate
a robust immune response. Modified Vaccinia Ankara (MVA), a genetically engineered
vaccinia virus, has shown promise in targeting renal cell carcinomas and epithelial tumors
by addressing the overexpression of the MUC1 antigen [184]. Furthermore, the therapeutic
vaccine PROSTVAC, which employs two poxvirus vectors to express a prostate-specific
antigen, has demonstrated notable efficacy when combined with immune checkpoint in-
hibitors. Clinical trials revealed that PROSTVAC extended overall survival by 8.5 months
and reduced the mortality risk by 44%, highlighting its potential in advanced prostate
cancer therapy [14,185,186].

5.1. New Approaches in Vaccines Based on Viral Vectors: Heterologous Prime-Boost Vaccination

Heterologous prime-boost vaccination technology represents an innovative immu-
nization strategy that outperforms traditional forms of vaccine administration. Unlike
conventional methodologies, where the same vaccine with the same antigens is repeat-
edly used, this approach combines different types of vaccines administered in specific
sequences [187]. In a model of Mycobacterium bovis, heterologous prime-boost vaccination
with the bacillus Calmette-Guérin vaccine and DNA encoding Hsp65, Hsp70, and Apa
was shown to protect against bovine tuberculosis, regardless of the order of administra-
tion [188]. However, in other models, the order proved to be crucial. In a study with a
murine antigen of HSV-2 gD, starting with DNA (prime) was found to be essential, as
reversing the sequence with a booster protein resulted in antibody levels comparable to
a homologous protein—protein vaccination, but without improvements in helper T-cell
activation [189]. In the case of a hepatitis C antigen, a boost with adenoviral vectors after
a prime with DNA generated the highest levels of Th1l-type CD4" T-cells, outperforming
both the homologous approach and other combinations of DNA and viral vectors [190].

A primate study conducted by the University of Washington compared the antibody
response using vaccinia virus vectors and DNA as the “prime,” concluding that these com-
binations were superior to the repeated use of DNA or viral vector vaccines. This approach
has also shown potential in cancer immunotherapy [187]. For example, vaccination with a
prostate antigen 6-transmembrane epithelial (STEAP) combined with heterologous DNA
and replicon particles similar to the Venezuelan equine encephalitis virus significantly im-
proved the immune response, increasing the levels of IFN-y, TNF-«, and IL-12, and delayed
the tumor development in murine models [191]. This type of vaccine allows administration
through different routes, adapting to specific needs. Although most studies have used
conventional routes, such as subcutaneous or intradermal, recent research has shown that
intratumoral vaccination is safe and effective. An example is the rF-CEA-TRICOM vaccine,
which was preclinically evaluated by intratumoral administration in carcinoembryonic
antigen (CEA)-positive tumors [192]. In these studies, this strategy was combined with
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an initial subcutaneous (prime) vaccination with rV-CEA-TRICOM, followed by a booster
with rF-CEA-TRICOM. These trials have been the basis for moving towards a clinical trial
in patients with prostate cancer, where this strategy has been shown to be both safe and
feasible [186].

5.2. Types of Viral Vectors
5.2.1. Adenovirus Vectors

Several viral vectors have been evaluated in clinical trials as vaccination tools di-
rected against tumor-associated antigens. Among them, adenoviruses stand out for being
non-replicative, not causing disease in humans, and possessing a wide tissue tropism.
Non-human primate adenoviruses (NHPAds), such as those derived from gorillas and
chimpanzees, have shown a superior immune response, especially in the activation of
CD8" T-cells. This is attributed to their low seroprevalence in the human population, which
minimizes interference from pre-existing antibodies [179,193]. An additional advantage of
NHPAGSs is their ability to host large genetic inserts, allowing the expression of numerous
neoantigens. This feature is crucial for addressing tumor heterogeneity and preventing
immunoediting-mediated immune escape. Vectors can express antigens spanning up to
2200 amino acids, which is equivalent to more than 80 neoantigens of 27 amino acids
each [194]. However, a significant challenge of these vaccines is the development of anti-
vector immunity after the first immunization, which may limit their effectiveness following
subsequent doses [195]. To overcome this limitation, it has been shown in clinical trials
that the heterologous prime-boost vaccination strategy, which uses different vector plat-
forms, generates a more robust and broader immune response compared to protocols that
repeatedly employ the same type of viral vector [179].

5.2.2. Poxvirus Vectors

Poxviruses are double-stranded DNA viruses with a linear genome that stand out
as widely used vectors in gene transfer, thanks to their history in vaccination programs.
They are classified into two subfamilies: Chordopoxvirinae and Entomopoxvirinae. These
viruses can host large DNA inserts, and attenuated strains such as MVA have demonstrated
the stable and efficient expression of recombinant antigens. Vaccinia virus, belonging to
the genus Orthopoxvirus within the subfamily Chordopoxvirinae, is especially relevant in
this context [15,196]. MVA has been used in more than 120,000 individuals in smallpox
eradication programs, showing an excellent safety profile in multiple clinical and preclin-
ical trials. These characteristics position it as a promising vector in the development of
cancer vaccines, particularly in heterologous prime-boost strategies [197]. Its advantages
include a fast life cycle that allows viral production in 6 h, three different mechanisms of
propagation that ensure its efficient dissemination, the ability to incorporate large DNA
sequences to express multiple antigens, its safety in not causing disease in healthy humans,
and the extensive clinical knowledge accumulated from its historical use in the smallpox
vaccine [196,198].

5.3. Clinical Advances in Viral Vector Cancer Vaccines

MVA-based vaccines are being developed and evaluated for various applications in
cancer immunotherapy, showing promising results in different indications. Clinical trials
have shown that recombinant MVA, given alone or in combination with chemotherapy,
induces a potent immune response [186,199]. For example, the company Transgene is
researching an MVA that expresses MUC-1 and IL-2 to treat lung and prostate cancers.
In patients with advanced-stage lung cancer (stages III and IV), the combination of this
vaccine with cisplatin or vinorelbine has shown high efficacy, achieving disease control in
71% of patients in a phase II clinical trial. It should be noted that most of these patients
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had stage IV cancer with tumors positive for MUC-1, a marker of poor prognosis [200-202].
In addition, Transgene has developed another recombinant MVA for the treatment of
cervical cancer, designed to express the E6 and E7 viral antigens of human papillomavirus
type 16, along with IL-2. This approach seeks to generate a cellular response capable of
eliminating both the damage caused by cancer and precancerous lesions. In three phase I
studies, this vaccine has demonstrated an adequate safety profile, paving the way for more
advanced research [203]. On the other hand, Oxford Biomedica is developing the TroVax
vaccine, an MVA that encodes the oncofetal antigen 5T4, present in most epithelial cancers,
including colon, kidney, breast, and ovary. Initial studies have evidenced the stable control
of the disease, along with consistent antibody and T-cell responses, supporting its clinical
potential. TroVax has also been evaluated in combination with the FOLFOX chemotherapy
regimen in a phase II clinical trial, in which all 23 patients in the study developed cellular
and/or humoral responses against the 5T4 antigen [199,204].

Avipoxviruses have been extensively investigated in animal models and clinical trials.
ALVAC, an attenuated canarypoxvirus, has demonstrated its ability to induce signifi-
cant levels of CD8* T-cells in mammals, being particularly promising in the treatment of
melanoma [199]. In one study, the ALVAC-GP-100 vaccine, combined with a GP-100 pep-
tide booster, was administered to patients with metastatic melanoma, achieving a response
in 8 of the 18 treated patients [205]. In addition, a phase I clinical trial evaluated the safety
and efficacy of the ALVAC-CEA-B7.1 vaccine in patients with advanced adenocarcinomas
expressing CEA. Increasing doses were administered by intramuscular injection every four
weeks for three months. In three patients, the clinical stability of the disease was observed,
correlated with an increase in CEA-specific precursor T-cells. Specific immune responses
were increased with repeated vaccinations [206].

Published research on the application of adenoviruses in cancer immunotherapy
remains limited. Phase I clinical trials included 54 patients who received increasing doses
of a recombinant adenovirus designed to encode the melanoma antigens MART-1 or gp100,
either individually or in combination with IL-2. However, immunological evaluations did
not reveal consistent responses [207]. In another phase I study, a recombinant adenovirus
expressing the L5235 tumor antigen was used to enhance a plasmid DNA vaccine that
also encoded this antigen. Although almost all patients showed a significant increase in
anti-adenovirus antibody levels, only one of the ten evaluable patients developed specific
antibodies against L5235. Two patients experienced relapses of the disease, while the others
survived for a follow-up of 290 days [208]. These studies underscore the safety of the
approach but also show the limited activation of the immune system. This can be explained
by the high seroprevalence and high levels of pre-existing immunity against adenoviruses
in the population. In preclinical studies and early clinical trials, it has been shown that
high levels of antibodies against adenovirus can reduce the efficiency of gene transfer and
decrease the effectiveness of adenovirus-based vaccines [199].

6. Nanovaccines

Despite important advances in cancer vaccination systems, challenges such as rapid
antigen degradation, the low stability of formulations, and limited immunogenicity persist,
making these strategies less effective. In this context, recent developments in nanotechnol-
ogy offer a promising solution. This discipline allows for the design of more stable and
targeted delivery systems, capable of protecting antigens from degradation and improving
their presentation to immune cells, thus increasing the efficacy and specificity of immune
responses [209-211]. Nanovaccines use a variety of materials to enhance the antitumor
response. Among the most widely used are CpG oligodeoxynucleotides and fluorinated
polyethylenimines, which activate TLRs, promoting a robust adaptive immune response.
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Polymers, lipid nanoparticles, and endogenous transporters are also employed [212], which
improves antigen stability and specificity. Additionally, the activation of the interferon gene
stimulator (STING) pathway induces the high production of type I interferons, which has
prompted the use of stimulants of this pathway in the design of nanovaccines for a more
efficient immune response [213]. Notwithstanding advances in cancer vaccination systems,
challenges such as rapid antigen degradation, the low stability of formulations, and limited
immunogenicity remain. Recent developments in nanotechnology offer promising solu-
tions for enhancing the stability and targeted delivery of antigens, potentially improving
immune responses [214]. However, scalability remains a significant concern, especially
for complex systems like biomimetic and hybrid nanoparticles. Producing these nanovac-
cines consistently at scale requires careful optimization to ensure quality and efficacy [215].
Additionally, stability during storage is critical, as sensitive components may degrade,
necessitating the development of more robust formulations [216]. Regulatory hurdles also
pose challenges, as extensive safety and efficacy data are required before approval for
clinical use, impacting accessibility for broader applications [217].

Nanovaccines offer multiple advantages compared to traditional cancer vaccines.
First, the use of polymers allows vaccines to be activated specifically in the tumor mi-
croenvironment, facilitating the arrival of the antigen to APCs [218]. In addition, lipid
nanoparticles increase the stability of formulations, simplifying large-scale production.
At the same time, since the use of exogenous materials can elicit unwanted responses in
other tissues, biomimetic nanovaccines based on cell membranes derived from autologous
materials have been developed. These nanovaccines have shown potential in the field of
effective cancer immunotherapy [219-221]. In addition, the small size of nanobiomateri-
als (1-200 nm) allows efficient access to lymph nodes, which contain the APCs essential
for the cross-presentation of antigens and the activation of CD4" T-cells [222,223]. The
cross-presentation of antigens is performed through two main pathways: the vacuolar
pathway and the endosome—cytosol pathway. In the vacuolar pathway, the antigens are
processed within lysosomes and loaded into MHC-I for presentation to the T-cells. In the
endosome—cytosol pathway, the antigens are transported to the cytosol, where they are
degraded by the proteasome; the generated peptides are transferred to the endoplasmic
reticulum to be loaded into MHC-I. This mechanism improves the immunological efficacy
of nanovaccines against tumors, overcoming the limitations of traditional strategies [209].

6.1. Efficiency of Nanovaccines in Activating the Immune System

Both antigens and adjuvants play a crucial role in generating an effective antitumor
immune response. While antigens themselves are immunogenic, their administration in
conjunction with adjuvants significantly improves their effectiveness [224]. Nanovaccines
are designed to direct these adjuvants, such as PAMPs, which include CpG, monophos-
phorylated lipid A, and cyclic GMP, into the lymph nodes, modulating adaptive immune
responses and enhancing T-cell and dendritic cell activation. The subcutaneous or intramus-
cular administration of nanovaccines tends to facilitate their dissemination to peripheral
blood, but accumulation in secondary lymphoid organs, such as lymph nodes, is limited,
reducing the therapeutic efficacy [225,226]. Recent research has optimized the size of
nanoparticles, such as 83 nm polylactic-co-glycolic acid (PLGA), which are shown to be ef-
fective in migrating to lymph nodes [227]. This biomaterial has been approved by the Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) for clinical
use as a drug carrier. Larger nanoparticles have difficulty penetrating lymphatic vesicles,
which decreases their therapeutic capacity. On the other hand, innovative strategies include
the peritumoral, intratumoral, or intravenous administration of adjuvants, which trap
antigens in the tumor microenvironment, facilitating their presentation to dendritic cells
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and optimizing antitumor immunity [228]. The spleen, recognized for its rapid immune
responsiveness, has also been targeted through modifications in the size of nanoparticles
and the use of specific ligands, such as albumin, to efficiently target nanovaccines to this
organ [229] (Figure 3).
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Figure 3. Mechanism of nanovaccine-mediated tumor regression. The schematic illustrates the stages
involved, from nanovaccine administration and antigen presentation to immune cell infiltration and
tumor regression. The figure was created using NIAID NIH BIOART: source bioart.niaid.nih.gov
(accessed on 4 February 2025).

6.2. Nanovaccine-Based Systems
6.2.1. Nanovaccines for Nucleic Acid Delivery

Although nucleic acid (DNA and RNA) vaccines have been widely used to treat infec-
tious diseases due to their simplicity, safety, and efficient production, when they are used
for cancer treatment, we find problems of low stability, inefficient administration, or limited
immunogenicity [230,231]. Intramuscular or subcutaneous administration involves rapid
nucleic acid degradation, leading to a limitation in the number of APCs to be transfected.
Other strategies, such as electroporation, ultrasound, or gene guns, cause pain and discom-
fort in patients [232]. That is why strategies such as the use of nanomaterials for cancer
vaccination emerge as a solution to these problems, allowing effective and targeted delivery
and thereby enhancing immunogenicity. Nucleic acid vaccines based on nanobiomaterials
involve the use of virus-like nanoparticles as vaccine carriers [233]. In a study published in
2023, the authors used cGAMP-loaded virus-like particles (VPLs) (c(GAMP-VLP) to activate
tumor-specific immune responses by stimulating the STING pathway in dendritic cells. This
promoted tumor antigen-specific T-cell differentiation and decreased the presence of Treg
cells in the tumor microenvironment, enhancing the antitumor response [234]. Likewise,
lipid-based nanobiomaterials are among the most widely used non-viral nanoplatforms for
nucleic acid delivery [235]. They are often functionalized with specific molecular ligands to
ensure the accurate recognition of target cells. In a study conducted by Rudin et al., they
analyzed a nanovaccine based on an antisense oligonucleotide (AON) directed against
the liposome-formulated c-raf-1 protocogene (LErafAON). The presence of AON in cir-
culation was detected up to 24 h after administration at the highest doses, and in two of
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the five patients analyzed, the suppression of the c-raf-1 messenger RNA was observed.
The liposomal formulation proved to be crucial for AON stability [236]. In recent years,
polymeric micelles have emerged as a promising approach for the delivery of nucleic acid
vaccines, particularly due to their ability to encapsulate and protect mRNA. These micelles,
formed from amphiphilic block copolymers, have the capacity to increase the stability of the
mRNA and facilitate its intracellular delivery. By optimizing their composition, polymeric
micelles can enhance the biodistribution and targeting of the vaccine while minimizing
potential side effects. This system enhances antigen presentation by ensuring that mRNA
is efficiently delivered to APCs, thereby improving the overall immune response [237].

In 2020, a functionalized DNA nanoplatform was developed, composed of a rectangu-
lar structure formed by the DNA strand of an M12 bacteriophage, to which three extended
strands with specific nucleotide sequences had been added to allow the binding of multiple
charges. Various peptides, used as antigens, had been conjugated with DNA and bound to
the rectangular structure by hybridization so that the peptides remained on the surface. As
adjuvants, a double-stranded RNA sequence and a loop-like structure containing three CpG
motifs had been incorporated [238]. This nanovaccine was evaluated in a mouse model of
melanoma. The animals were treated subcutaneously with the nanovaccine or with control
formulations. Its efficacy was assessed by looking at the tumor growth and the survival
rate. In addition, bone marrow DCs were incubated with the nanovaccine or controls to
analyze the antigenic presentation. The cells treated with the DNA structure and the FITC
antigen became known as the physical mixture. The results showed that, in the untreated
group, all the mice died within 25 days. The group that received the physical mixture did
not show the significant inhibition of tumor growth or increased survival compared to the
untreated group. The group that received the vaccine with only the antigen showed mild
tumor inhibition, while the group treated with the nanovaccine showed significant tumor
regression and maximum therapeutic efficacy, with 60% of the mice surviving for more
than 40 days [238].

6.2.2. Biomimetic Nanovaccines

To improve the efficacy and safety of cancer vaccines, recent advances in nanotech-
nology have led to the development of biomimetic nanovaccines. These nanovaccines
are based on the design of nanobiomaterials that mimic natural biological structures, al-
lowing for better interaction with the immune system and a more effective response to
cancer [239,240]. The most promising biomimetic nanobiomaterials include nanovesicles
derived from tumor cells or immune cells, naturally occurring nanomaterials, membrane
fusion materials, and artificial antigen-presenting cells (aAPCs). These innovative systems
not only improve antigen delivery but also optimize the activation of immune system cells,
increasing the therapeutic capacity of cancer vaccines.

To date, a variety of naturally occurring nanobiomaterials, such as exosomes [241,242],
outer membrane vesicles (OMVs) [243,244], and proteins [245,246], have been extensively
studied, demonstrating their crucial role in delivering drugs to specific sites in the body. In a
study published by Shichuan et al., they developed exosomes derived from tumor cells that
were genetically modified to express activated fibroblast protein (FAP)+. These nanovesicles
were able to induce the strong immune response of specific CTLs against FAP+ tumor cells
and cancer-associated fibroblasts (CAFs), which contributed to the reprogramming of the
immunosuppressive tumor microenvironment [247].

On the other hand, biomimetic nanoparticles coated with autologous tumor cell
membranes have been developed as a cancer vaccination system [248]. In a study published
in 2024, the authors developed a targeted biomimetic system (GMNPs@AMD/RAPA) using
the glioblastoma cell membrane (GBM) to improve drug delivery across the blood-brain
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barrier. The system hierarchically released two therapeutic agents: the CXCR4 antagonist,
AMD3100, and the inhibitor of the mTOR pathway, rapamycin (RAPA). They were able to
promote the infiltration of CTLs, suppressing the survival, proliferation, and angiogenesis
of tumor cells [249].

Likewise, in recent years, nanovaccines derived from cell membranes have been devel-
oped based on the fused configuration of DCs with tumor cells. This fusion could induce
the processing of whole tumor antigens and costimulatory molecules into cytomembranes.
In a paper published by Liu et al., they developed a cancer vaccine using biologically
reprogrammed cytoplasmic membranes derived from fused cells (FCs) obtained from
DCs and tumor cells. This system works similarly to APCs, directly activating T-cells. In
addition, NP@FM contain tumor antigens, which can be recognized by DCs, triggering
the DC-mediated activation of T-cells. The combination of these two immunoactivation
mechanisms generates a potent antitumor immune response [250].

Finally, within the context of biomimetic nanovaccines, we have aAPCs. They mimic
the cellular function of natural APCs to induce a tumor-specific immune response, all with-
out the need to administer specific neoantigens and adjuvants [251]. In a study published
by Whang et al., they designed a DC-based nanovaccine called GP@CRTM and evaluated
its efficacy in combination with low-dose doxorubicin (DOX) to treat fibrosarcoma. It was
a nanoparticle with a PLGA core that encapsulated the STING 2,3-cAMP agonist. The
covering was made up of fibrosarcoma cell membranes with high calreticulin expression.
The nanovaccine managed to activate the STING pathway in DCs. Furthermore, the ad-
ministration of DOX at low doses reduced the side effects associated with chemotherapy,
increased tumor immunogenicity, and boosted the efficacy of the nanovaccine [252].

6.2.3. Nanovaccines for Peptide Delivery

As we mentioned, cancer vaccines based on antigenic peptides and adjuvants have
gained great attention in cancer immunotherapy due to their easy preparation and favorable
safety profile [253]. Not only do these vaccines induce antigen-specific antitumor immune
responses, but they are also effective in overcoming the immune tolerance that tumors
typically develop [254]. In addition, the accelerated advancement of bioinformatic methods
has driven the development of personalized vaccines that, by targeting specific neoantigens,
generate powerful immune responses tailored to each patient [124]. However, antigenic
peptides and neoantigens present significant challenges, such as rapid degradation in the
body and low efficiency in delivering to lymph nodes. In this context, nanobiomaterials
have emerged as a promising strategy to overcome the limitations associated with the
delivery of cancer vaccines [209]. Nanomaterials that can be activated by stimuli are
particularly relevant. These, after specific stimulation, can be activated to undergo a
structural transition or dissociation to control drug administration and release [255-257].
In a study published by Lafuente-Gémez et al., they developed a nanovaccine based on
magnetic nanoparticles covalently functionalized with a specific antigen (OVA254-267) and
a CpG oligonucleotide, linked by disulfide bonds. Functionalized nanoparticles (MNP-CpG-
COVA) demonstrated a significantly superior ability to activate dendritic cells compared to
free components. They were also able to induce a robust and sustained antitumor response
in specific CTLs against B16-OVA melanoma cells in in vitro experiments [258].

One of the main challenges in the fight against cancer is the immunosuppressive
environment generated by tumors, which hinders the effective action of T-cells. In 2023,
Liu et al. developed a nanovaccine based on a cholesterol-modified cationic peptide,
dubbed DP7-C, that addresses this problem by modifying tumor-induced immunosup-
pression [259]. The main focus was to create an easy-to-prepare nanometer vaccine that
combines small interfering RNAs (siRNAs) in a cocktail and the immune adjuvant CpG
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ODNgs, achieving a synergistic effect in cancer treatment. STAT3 pRNA induces the apop-
tosis of tumor cells and facilitates the release of specific tumor antigens. In turn, CCR2
pipRNA decreases the inhibition of macrophages and myeloid-derived suppressor cells,
while TGF-3 piRNA eliminates the immunosuppression of immune cells [260,261]. As for
CpG oligodeoxynucleotides, they activate APCs and promote the migration of dendritic
cells to the tumor, where they facilitate the cross-presentation of antigens. The vaccine has
been tested in mouse models with immunologically active tumors (“hot tumors”) and in
tumors resistant to conventional therapy (“cold tumors”). In both cases, it demonstrated
the ability to create a favorable environment for effector cells. In addition, its combination
with an anti-PD1 antibody significantly increased the number of CD8* and CD4" T-cells. It
was also observed to prevent relapses and metastases thanks to its highly specific immune
response [259]. Its simplicity and effectiveness position it as a promising tool to combine
with other immuno-oncology agents.

6.3. Clinical Trials in Nanovaccines for Cancer

Over the past decade, notable advancements have been achieved in the field of cancer
nanovaccines, with a growing number of formulations advancing into clinical trials. Table 1
provides an overview of specific clinical trials related to the nanovaccine categories dis-
cussed in this review. The information presented in the table has been carefully extracted
from ClinicalTrials.gov, a widely recognized and reliable registry for clinical trials. Each
trial is listed with its unique NCT identifier, ensuring the accuracy and traceability of the
referenced studies. The NANO-GBM study (NCT04881032) is investigating the use of
AGuIX® nanoparticles in combination with radiotherapy and temozolomide for treating
newly diagnosed glioblastoma. AGuIX® nanoparticles are designed to enhance radiother-
apy by amplifying radiation damage specifically in tumor tissues. Phase I determined the
recommended dose for phase II (100 mg/kg) and assessed the safety and biodistribution of
AGuIX® in glioblastoma patients. Phase I is a multicenter, randomized trial comparing two
groups: one receiving AGuIX® combined with standard radiochemotherapy and another
receiving radiochemotherapy alone. The early results show promising safety and efficacy,
with the final data expected in 2026 [262]. The clinical trial NCT00609791 is a phase II
study focused on evaluating the use of a paclitaxel albumin-stabilized nanoparticle formu-
lation (nab-paclitaxel) in treating patients of different ages with metastatic breast cancer.
The patients receive nab-paclitaxel intravenously once weekly on days 1, 8, and 15 in a
28-day cycle, which is repeated as long as there is no disease progression or unacceptable
toxicity. Although the trial is still active (not recruiting), the preliminary findings indicate
age-related differences in drug clearance and toxicity levels. The drug is generally effective,
with outcomes such as response rates and the time to progression being monitored. Factors
like age and baseline health significantly influence the need for dose reductions and toxicity
management [263]. In another study (NCT03739931), researchers investigated the use of
mRNA-2752, which is encapsulated in lipid nanoparticles, for intratumoral injection in
patients with advanced malignancies. The mRNA-2752 encodes human OX40L, IL-23, and
IL-36y, which are designed to enhance the immune response and potentially improve the
efficacy of immune checkpoint blockade therapy. The combination therapy led to increased
levels of pro-inflammatory cytokines and activated immune cells, particularly CD8* T-cells,
which are essential for antitumor immunity. Objective responses, such as partial responses
(PR) and complete responses (iCR), were observed in patients with immune-refractory
tumors, including TNBC and melanoma. Additionally, no severe adverse events (grade 4
or 5) were reported, confirming the treatment’s safety profile [264]. A phase I clinical trial
(NCT02716012) involves the use of MTL-CEBPA, a novel therapeutic that utilizes liposomal
nanoparticles for drug delivery in patients with advanced liver cancer, specifically hepato-
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cellular carcinoma (HCC). The results indicated that MTL-CEBPA had an acceptable safety
profile, with no dose-limiting toxicities observed. In terms of efficacy, the trial demonstrated
promising results: one patient achieved a partial response lasting over two years, and 50%
of the patients had a stable disease [265]. In conclusion, the clinical trials of nanovaccines
for cancer have demonstrated a promising potential in enhancing the effectiveness of cancer
immunotherapy. These trials explore the use of various nanomaterial-based platforms,
such as lipid nanoparticles, dendritic cell mimicking systems, and virus-like particles, to
improve the delivery and presentation of tumor antigens. As these therapies progress
through clinical stages, they provide hope for more personalized, effective treatments that
could complement existing cancer therapies and potentially lead to better patient outcomes.
However, continued research and larger clinical trials are needed to fully establish their
safety, efficacy, and long-term impact on cancer treatment.

Table 1. Clinical trials of nanovaccines for cancer treatment. Source: https://clinicaltrials.gov/
(accessed on 15 December 2024). NP—not published.

Start/Completion

NCT Number Status
Date

Stage Title References

Novel RNA-nanoparticle Vaccine
for the Treatment of Early
NCT05264974 Suspended - Phase I Melanoma Recurrence Following NP
Adjuvant Anti-PD-1 Antibody
Therapy

Safety and Immunogenicity of an
Epstein-Barr Virus (EBV)
NCT04645147 Active, not recruiting 2022-03/present Phase I gp350-Ferritin Nanoparticle Vaccine NP
in Healthy Adults With or Without
EBV Infection
NCT03120832 Completed 2016-12/2018-12 Phase I gggf;ollgfgfn Ic)g'l\lijt?;nis NP
Testing the Addition of an
Individualized Vaccine to
NCT03606967 Recruiting 2021-04/present Phase IT Durvalumab and Tremelimumab NP
and Chemotherapy in Patients With
Metastatic Triple Negative Breast
Cancer

Therapeutic Efficacy of Quercetin
Versus Its Encapsulated
Nanoparticle on Tongue Squamous
Cell Carcinoma Cell Line

NCT05456022 Unknown status 2022-07/- Phase II NP

AGuIX Nanoparticles with
Radiotherapy Plus Concomitant
NCT04881032 Active, not recruiting 2022-03 /present Phase I Phase II Temozolomide in the Treatment of [262]
Newly Diagnosed Glioblastoma
(NANO-GBM)

Trial of Ascorbic Acid (AA) +
Nanoparticle Paclitaxel Protein
NCT03410030 Completed 2017-12/2022-01 Phase I Phase II Bound + Cisplatin + Gemcitabine NP
(AANABPLAGEM) (AA
NABPLAGEM)

Clinical Study of DC-AML Cells in
NCT05000801 Recruiting 2021-07 /present Not Applicable the Treatment of Acute Myeloid NP
Leukemia

Paclitaxel Albumin-Stabilized
Nanoparticle Formulation in
Treating Patients of Different Ages
With Metastatic Breast Cancer

NCT00609791 Active, not recruiting 2008-02/present Phase I [263]

Dose Escalation and Efficacy Study
of mRNA-2416 for Intratumoral
NCT03323398 Terminated 2017-08/2021-08 Phase IPhaseIl  Injection Alone and in Combination NP
With Durvalumab for Participants
With Advanced Malignancies
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Table 1. Cont.

NCT Number

Status

Start/Completion
Date

Stage

Title

References

NCT05968326

Recruiting

2023-10/present

Phase II

A Study of the Efficacy and Safety
of Adjuvant Autogene Cevumeran
Plus Atezolizumab and
mFOLFIRINOX Versus
mFOLFIRINOX Alone in
Participants With Resected PDAC
(IMCODEO003)

NP

NCT02149225

Completed

2014-10/2018-06

Phase I

GAPVAC Phase I Trial in Newly
Diagnosed Glioblastoma Patients

NP

NCT03739931

Active, not recruiting

2018-11/present

Phase I

Dose Escalation Study of
mRNA-2752 for Intratumoral
Injection to Participants in
Advanced Malignancies

[264]

NCT05533697

Recruiting

2022-08 /present

Phase I Phase II

Study of mRNA-4359 Administered
Alone and in Combination With
Immune Checkpoint Blockade in

Participants With Advanced Solid
Tumors

NP

NCT02716012

Active, not recruiting

2016-03/present

Phase I

First-in-Human Safety, Tolerability
and Antitumor Activity Study of
MTL-CEBPA in Patients With
Advanced Liver Cancer
(OUTREACH)

[265]

NCT05631886

Recruiting

2023-07 /present

Phase I

Combination of CAR-DC Vaccine
and ICIs in Malignant Tumors

NP

NCT02975882

Active, not recruiting

2017-08/present

Phase I

Nanoparticle Albumin-Bound
Rapamycin, Temozolomide, and
Irinotecan Hydrochloride in
Treating Pediatric Patients With
Recurrent or Refractory Solid
Tumors

NP

NCT03313778

Recruiting

2017-08/present

Phase I

Safety, Tolerability, and
Immunogenicity of mRNA-4157
Alone and in Combination in
Participants With Solid Tumors
(KEYNOTE-603)

NP

NCT03897881

Recruiting

2019-07 /present

Phase II

An Efficacy Study of Adjuvant
Treatment With the Personalized
Cancer Vaccine mRNA-4157 and

Pembrolizumab in Participants

With High-Risk Melanoma
(KEYNOTE-942)

NP

NCT05062980

Active, not recruiting

2022-03 /present

Phase I Phase II

Quaratusugene Ozeplasmid
(Reqorsa) in Combination with
Pembrolizumab in Previously
Treated Non-Small Lung Cancer
(Acclaim-2)

NP

NCT01847326

Completed

2013-03/2024-01

Phase I

Paclitaxel Albumin-Stabilized
Nanoparticle Formulation and
Carboplatin Followed By

Chemoradiation in Treating Patients

With Recurrent Head and Neck
Cancer

[266]

NCT06048367

Recruiting

2022-10/present

Phase I

Carbon Nanoparticle-Loaded Iron
[CNSI-Fe(II)] in the Treatment of
Advanced Solid Tumor
(CNSI-Fe(II))

[267-269]

NCT01435720

Unknown status

2011-09/-

Phase I Phase II

Safety and Tolerability Study of
SNSO01-T in Relapsed or Refractory
B Cell Malignancies (Multiple
Myeloma, B Cell Lymphoma, or
Plasma Cell Leukemia (PCL)

NP
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NCT Number Status Start/C]()):tigletlon Stage Title References
A Phase 2 Study of siG12D LODER
in Combination With
NCT01676259 Unknown status 2018-03/- Phase II Chemotherapy in Patients With NP
Locally Advanced Pancreatic
Cancer (PROTACT)
Earl Tumor Necrosis Factor in Patients
NCT00436410 Completed 2006-12/2009-08 y Undergoing Surgery for Primary NP
Phase I .
Cancer or Metastatic Cancer
Barl NU-0129 in Treating Patients With
NCT03020017 Completed 2017-05/2020-08 y Recurrent Glioblastoma or NP
Phase I . .
Gliosarcoma Undergoing Surgery
Trial of a Vaccination With Tumor
NCT01159288 Completed 2010-05/2015-12 Phase I Antigen-loaded Dendritic NP
Cell-derived Exosomes (CSET 1437)
Safety and Immunogenicity of
CYT004-MelQbG10 Vaccine With
NCT00651703 Completed 2008-04/2009-12 Phase II and Without Adjuvant in Advanced NP
Stage Melanoma Patients
A Phase I/1I Study of Pexa-Vec
NCT03206073 Completed 201712/2022-06  PhaseIPhasell , Oncolytic Virus in Combination [270-272]

With Immune Checkpoint Inhibition
in Refractory Colorectal Cancer

7. Conclusions and Future Directions

In the pursuit of effective immunotherapeutic vaccines for cancer treatment, a nu-
anced understanding of the immune system’s complexities is essential. Cancer is a dynamic
disease characterized by continuous mutations and a myriad of mechanisms that allow
it to evade immune detection, including immunoediting and the establishment of an im-
munosuppressive tumor microenvironment. These factors complicate the development of
viable vaccine therapies; nonetheless, advancements in this field mark a transformative step
forward in oncology. Therapeutic vaccines represent a groundbreaking approach that en-
gages the immune system in actively targeting and eliminating malignant cells. Cell-based
vaccines, particularly those utilizing dendritic cells, effectively present tumor antigens and
activate T-cells, creating a robust immune response. The efficacy of these vaccines relies
heavily on enhancing antigen presentation by APCs, a crucial factor for the activation of
both CD4" and CD8* T-cell responses. As we explore peptide and nucleic acid vaccines, it
is evident that the strategic selection of strong and specific antigens, including neoantigens
derived from tumor-specific mutations, is vital. The integration of novel delivery systems,
such as lipid nanoparticles and viral vectors, has further improved the immunogenicity and
safety profile of these vaccines, providing promising avenues for future research. Moreover,
mRNA vaccines have demonstrated the potential for rapid production and the capacity
to induce both humoral and cellular immune responses, making them a highly versatile
tool in cancer immunotherapy. Personalized cancer vaccines, designed to target the unique
antigenic profiles of individual tumors, could significantly improve treatment responses
and mitigate the risk of recurrence. Ongoing advancements in genomic technologies, such
as whole-exome sequencing and advanced bioinformatics, stand to play a critical role in
identifying the most effective neoantigens for vaccine development.

Nevertheless, the focus on nanovaccines, as a central point of innovation, highlights
their significant potential in the landscape of cancer immunotherapy. By leveraging ad-
vancements in nanotechnology, these vaccines address the critical challenges faced by
traditional vaccine formulations, such as rapid antigen degradation, low stability, and
inadequate immunogenicity. Nanovaccines enhance the targeted delivery of antigens to
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immune cells, thereby facilitating the more effective activation of the immune response.
Moreover, their ability to co-deliver multiple tumor antigens and immune-stimulating
agents offers a promising avenue to counter tumor heterogeneity while minimizing off-
target effects. In the future, ongoing research must focus on optimizing nanovaccine
formulations to improve their efficacy, safety, and mechanistic understanding. Strate-
gies that combine nanovaccines with immunomodulators, such as immune checkpoint
inhibitors, could further potentiate their therapeutic effects. The integration of personalized
elements into nanovaccine design, based on individual tumor profiles and unique neoanti-
gens, is a crucial area that requires additional investigation to maximize the specificity
and effectiveness of treatments. Furthermore, the adoption of biomimetic nanovaccines,
which mimic natural biological structures, holds promise for enhancing interaction with
the immune system and improving therapeutic outcomes. By utilizing these advanced
strategies, researchers can increase the chances of overcoming the immunosuppressive
mechanisms employed by tumors, thereby fostering more robust antitumor immunity.
Despite the significant potential of nanovaccines, further research is needed to address
challenges associated with scalable manufacturing, ensuring stability during storage, and
navigating regulatory pathways for personalized therapies. Overcoming these obstacles
will be crucial for maximizing the impact of nanovaccines on cancer treatment.

In summary, although significant challenges remain in the landscape of cancer im-
munotherapy, the trajectory of research and innovation is encouraging. Continued efforts
in refining immunotherapeutic vaccines, expanding their application across various cancer
types, and striving for personalized treatment strategies will be essential for enhancing their
effectiveness. Nanovaccines exemplify the forefront of cancer immunotherapy, harnessing
innovative technology to address existing limitations and provide enhanced therapeutic
responses. As research continues to refine these strategies and translate findings from
bench to bedside, nanovaccines are poised to play a pivotal role in shaping the future
landscape of cancer treatment. By fostering interdisciplinary collaboration, investing in
technological advancements, and prioritizing patient-centered approaches, we can envision
a future where nanovaccines and immunotherapeutic strategies collectively contribute to
more effective and personalized cancer therapies, ultimately offering renewed hope for
patients worldwide.

Author Contributions: Conceptualization, V.D.-A., C.G.-L. and S.G.-P; literature review, V.D.-A,,
JLB.-C,].C, AL-T, C.G.-L. and S.G.-P; formal analysis, V.D.-A., ].L.B.-C., ].C., A.L-T., C.G.-L.
and S.G.-P; data curation, V.D.-A.,].L.B.-C,, ].C., AL.-T., C.G.-L. and S.G.-P,; writing—original draft
preparation, V.D.-A,, J.L.B.-C., J.C., A.L.-T. and C.G.-L.; writing—review and editing, V.D.-A., C.G.-L.
and S.G.-P; resources, S.G.-P,; supervision, C.G.-L. and S.G.-P,; funding acquisition, C.G.-L. and S.G.-P.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Instituto de Salud Carlos III (grants PI19/01533,
PI24/01282 to S.G.-P), Fundacién Cientifica Asociacién Espafiola Contra el Cancer (AECC) (grant
IDEAS234367GRAN to S.G.-P), Proyectos Intramurales ibs. GRANADA (grant INTRAIBS-2021-09
to C.G.-L.), AECC, Junta Provincial de Jaén (grant PRDJA19001BLAY to ]J.L.B.-C), Junta de An-
dalucia, Consejeria de Transformacién Econémica, Industria, Conocimiento y Universidades (grant
DOC_01686 to J.C.), Ministerio de Ciencia, Innovacién y Universidades (grant FPU19/04450 to
A.L.-T), and Junta de Andalucfa, Plan Andaluz de Investigacién, Desarrollo e Innovacién (grant
POSTDOC_21_638 to C.G.-L).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Pharmaceutics 2025, 17, 216 28 of 40

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bray, F,; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2024, 74, 229-263. [CrossRef]
[PubMed]

Sellars, M.C.; Wu, CJ.; Fritsch, E.F. Cancer vaccines: Building a bridge over troubled waters. Cell 2022, 185, 2770-2788. [CrossRef]
[PubMed]

Garg, P; Malhotra, J.; Kulkarni, P; Horne, D.; Salgia, R.; Singhal, S.S. Emerging Therapeutic Strategies to Overcome Drug
Resistance in Cancer Cells. Cancers 2024, 16, 2478. [CrossRef] [PubMed]

Sun, Q.; Hong, Z.; Zhang, C.; Wang, L.; Han, Z.; Ma, D. Immune checkpoint therapy for solid tumours: Clinical dilemmas and
future trends. Signal Transduct. Target. Ther. 2023, 8, 320. [CrossRef]

Yang, L.; Ning, Q.; Tang, S.-S. Recent Advances and Next Breakthrough in Immunotherapy for Cancer Treatment. J. Immunol. Res.
2022, 2022, 8052212. [CrossRef] [PubMed]

Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.E; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,
S.; Hedrick, C.C; et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 2018, 24,
541-550. [CrossRef]

Dunn, G.P; Old, L.J.; Schreiber, R.D. The immunobiology of cancer immunosurveillance and immunoediting. Immunity 2004, 21,
137-148. [CrossRef] [PubMed]

Schreiber, R.D.; Old, L.J.; Smyth, M.]. Cancer immunoediting: Integrating immunity’s roles in cancer suppression and promotion.
Science 2011, 331, 1565-1570. [CrossRef] [PubMed]

Togashi, Y.; Shitara, K.; Nishikawa, H. Regulatory T cells in cancer immunosuppression—Implications for anticancer therapy. Nat.
Rev. Clin. Oncol. 2019, 16, 356-371. [CrossRef]

Sun, C.; Xu, S. Advances in personalized neoantigen vaccines for cancer immunotherapy. Biosci. Trends 2020, 14, 349-353.
[CrossRef] [PubMed]

Guo, Z,; Zhang, R.; Yang, A.G.; Zheng, G. Diversity of immune checkpoints in cancer immunotherapy. Front. Immunol. 2023, 14,
1121285. [CrossRef] [PubMed]

Zhao, F; Shen, D.; Shang, M.; Yu, H.; Zuo, X.; Chen, L.; Huang, Z.; Li, L.; Wang, L. Inmunotherapy: A new target for cancer cure
(Review). Oncol. Rep. 2023, 49, 100. [CrossRef]

Blaya-Cénovas, ].L.; Grifidn-Lison, C.; Blancas, I.; Marchal, J.A.; Ramirez-Tortosa, C.; Lépez-Tejada, A.; Benabdellah, K.; Cortijo-
Gutiérrez, M.; Cano-Cortés, M.V.; Gravan, P; et al. Autologous patient-derived exhausted nano T-cells exploit tumor immune
evasion to engage an effective cancer therapy. Mol. Cancer 2024, 23, 83. [CrossRef] [PubMed]

Igarashi, Y.; Sasada, T. Cancer Vaccines: Toward the Next Breakthrough in Cancer Immunotherapy. J. Immunol. Res. 2020, 2020,
5825401. [CrossRef] [PubMed]

Secli, L.; Leoni, G.; Ruzza, V.; Siani, L.; Cotugno, G.; Scarselli, E.; D" Alise, A.M. Personalized Cancer Vaccines Go Viral: Viral
Vectors in the Era of Personalized Immunotherapy of Cancer. Int. J. Mol. Sci. 2023, 24, 16591. [CrossRef] [PubMed]

Fan, T.; Zhang, M.; Yang, ].; Zhu, Z.; Cao, W.; Dong, C. Therapeutic cancer vaccines: Advancements, challenges, and prospects.
Signal Transduct. Target. Ther. 2023, 8, 450. [CrossRef]

Malacopol, A.T.; Holst, PJ. Cancer Vaccines: Recent Insights and Future Directions. Int. J. Mol. Sci. 2024, 25, 11256. [CrossRef]
[PubMed]

Richard, G.; Ruggiero, N.; Steinberg, G.D.; Martin, W.D.; De Groot, A.S. Neoadjuvant personalized cancer vaccines: The final
frontier? Expert. Rev. Vaccines 2024, 23, 205-212. [CrossRef] [PubMed]

Liu, L.; Kshirsagar, P.G.; Gautam, S.K.; Gulati, M.; Wafa, E.I; Christiansen, ].C.; White, B.M.; Mallapragada, S.K.; Wannemuehler,
M.].; Kumar, S.; et al. Nanocarriers for pancreatic cancer imaging, treatments, and immunotherapies. Theranostics 2022, 12,
1030-1060. [CrossRef] [PubMed]

Nooraei, S.; Bahrulolum, H.; Hoseini, Z.S.; Katalani, C.; Hajizade, A.; Easton, A.].; Ahmadian, G. Virus-like particles: Preparation,
immunogenicity and their roles as nanovaccines and drug nanocarriers. J. Nanobiotechnol. 2021, 19, 59. [CrossRef]

Fang, X.; Lan, H,; Jin, K,; Gong, D.; Qian, ]. Nanovaccines for Cancer Prevention and Immunotherapy: An Update Review. Cancers
2022, 14, 3842. [CrossRef] [PubMed]

Mainini, E; Eccles, M.R. Lipid and Polymer-Based Nanoparticle siRNA Delivery Systems for Cancer Therapy. Molecules 2020, 25,
2692. [CrossRef] [PubMed]

Zhang, Y.; Jiang, M.; Du, G.; Zhong, X.; He, C.; Qin, M.; Hou, Y,; Liu, R.; Sun, X. An antigen self-assembled and dendritic
cell-targeted nanovaccine for enhanced immunity against cancer. Acta Pharm. Sin. B 2023, 13, 3518-3534. [CrossRef] [PubMed]
Das, A.; Ali, N. Nanovaccine: An emerging strategy. Expert. Rev. Vaccines 2021, 20, 1273-1290. [CrossRef] [PubMed]


https://doi.org/10.3322/caac.21834
https://www.ncbi.nlm.nih.gov/pubmed/38572751
https://doi.org/10.1016/j.cell.2022.06.035
https://www.ncbi.nlm.nih.gov/pubmed/35835100
https://doi.org/10.3390/cancers16132478
https://www.ncbi.nlm.nih.gov/pubmed/39001539
https://doi.org/10.1038/s41392-023-01522-4
https://doi.org/10.1155/2022/8052212
https://www.ncbi.nlm.nih.gov/pubmed/35340585
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1016/j.immuni.2004.07.017
https://www.ncbi.nlm.nih.gov/pubmed/15308095
https://doi.org/10.1126/science.1203486
https://www.ncbi.nlm.nih.gov/pubmed/21436444
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.5582/bst.2020.03267
https://www.ncbi.nlm.nih.gov/pubmed/32908077
https://doi.org/10.3389/fimmu.2023.1121285
https://www.ncbi.nlm.nih.gov/pubmed/36960057
https://doi.org/10.3892/or.2023.8537
https://doi.org/10.1186/s12943-024-01997-x
https://www.ncbi.nlm.nih.gov/pubmed/38730475
https://doi.org/10.1155/2020/5825401
https://www.ncbi.nlm.nih.gov/pubmed/33282961
https://doi.org/10.3390/ijms242316591
https://www.ncbi.nlm.nih.gov/pubmed/38068911
https://doi.org/10.1038/s41392-023-01674-3
https://doi.org/10.3390/ijms252011256
https://www.ncbi.nlm.nih.gov/pubmed/39457036
https://doi.org/10.1080/14760584.2024.2303015
https://www.ncbi.nlm.nih.gov/pubmed/38189107
https://doi.org/10.7150/thno.64805
https://www.ncbi.nlm.nih.gov/pubmed/35154473
https://doi.org/10.1186/s12951-021-00806-7
https://doi.org/10.3390/cancers14163842
https://www.ncbi.nlm.nih.gov/pubmed/36010836
https://doi.org/10.3390/molecules25112692
https://www.ncbi.nlm.nih.gov/pubmed/32532030
https://doi.org/10.1016/j.apsb.2022.03.017
https://www.ncbi.nlm.nih.gov/pubmed/37655327
https://doi.org/10.1080/14760584.2021.1984890
https://www.ncbi.nlm.nih.gov/pubmed/34550859

Pharmaceutics 2025, 17, 216 29 of 40

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hou, Y; Li, Y;; Zhang, Y.; Zhang, J.; Wu, D. Current status and future directions of nanovaccine for cancer: A bibliometric analysis
during 2004-2023. Front. Immunol. 2024, 15, 1423212. [CrossRef] [PubMed]

Koyande, N.P; Srivastava, R.; Padmakumar, A.; Rengan, A.K. Advances in Nanotechnology for Cancer Immunoprevention and
Immunotherapy: A Review. Vaccines 2022, 10, 1727. [CrossRef] [PubMed]

Liu, J.; Fu, M.; Wang, M.; Wan, D.; Wei, Y.; Wei, X. Cancer vaccines as promising immuno-therapeutics: Platforms and current
progress. J. Hematol. Oncol. 2022, 15, 28. [CrossRef]

Hoover, H.C,, Jr.; Surdyke, M.G.; Dangel, R.B.; Peters, L.C.; Hanna, M.G,, Jr. Prospectively randomized trial of adjuvant
active-specific immunotherapy for human colorectal cancer. Cancer 1985, 55, 1236-1243. [CrossRef]

Gardner, T.; Elzey, B.; Hahn, N.M. Sipuleucel-T (Provenge) autologous vaccine approved for treatment of men with asymptomatic
or minimally symptomatic castrate-resistant metastatic prostate cancer. Hum. Vaccines Immunother. 2012, 8, 534-539. [CrossRef]

Rai, A.; Deshpande, S.G.; Vaidya, A.; Shinde, R.K. Advancements in Immunotherapy for Breast Cancer: Mechanisms, Efficacy,
and Future Directions. Cureus 2024, 16, e68351. [CrossRef]

Ghemrawi, R.; Abuamer, L.; Kremesh, S.; Hussien, G.; Ahmed, R.; Mousa, W.; Khoder, G.; Khair, M. Revolutionizing Cancer
Treatment: Recent Advances in Immunotherapy. Biomedicines 2024, 12, 2158. [CrossRef]

Panuccio, G.; Correale, P.; d’Apolito, M.; Mutti, L.; Giannicola, R.; Pirtoli, L.; Giordano, A.; Labate, D.; Macheda, S.; Carabetta,
N.; et al. Immuno-related cardio-vascular adverse events associated with immuno-oncological treatments: An under-estimated
threat for cancer patients. Basic. Res. Cardiol. 2024, 120, 153-169. [CrossRef]

Riittinger, D.; Van Den Engel, N.K.; Winter, H.; Schlemmer, M.; Pohla, H.; Griitzner, S.; Wagner, B.; Schendel, D.].; Fox, B.A.; Jauch,
K.W.; et al. Adjuvant therapeutic vaccination in patients with non-small cell lung cancer made lymphopenic and reconstituted
with autologous PBMC: First clinical experience and evidence of an immune response. . Transl. Med. 2007, 5, 43. [CrossRef]
[PubMed]

Wu, H.; Dong, H.; Ren, S.; Chen, ].; Zhang, Y.; Dai, M.; Wu, Y.; Zhang, X. Exploration of novel clusters and prognostic value of
immune-related signatures and identify HAMP as hub gene in colorectal cancer. Oncol. Lett. 2023, 26, 360. [CrossRef] [PubMed]
Lichtenstern, C.R.; Ngu, R.K,; Shalapour, S.; Karin, M. Inmunotherapy, Inflammation and Colorectal Cancer. Cells 2020, 9, 618.
[CrossRef]

Morton, D.L. Immune response to postsurgical adjuvant active immunotherapy with Canvaxin polyvalent cancer vaccine:
Correlations with clinical course of patients with metastatic melanoma. Dev. Biol. 2004, 116, 209-217; discussion 229-236.

Tani, K.; Azuma, M.; Nakazaki, Y.; Oyaizu, N.; Hase, H.; Ohata, J.; Takahashi, K.; Oiwamonna, M.; Hanazawa, K.; Wakumoto, Y.;
et al. Phase I Study of Autologous Tumor Vaccines Transduced with the GM-CSF Gene in Four Patients with Stage IV Renal Cell
Cancer in Japan: Clinical and Immunological Findings. Mol. Ther. 2004, 10, 799-816. [CrossRef]

Gu, Y.-Z,; Fan, C.-W,; Lu, R;; Shao, B.; Sang, Y.-X.; Huang, Q.-R.; Li, X.; Meng, W.-T.; Mo, X.-M.; Wei, Y.-Q. Forced co-expression of
IL-21 and IL-7 in whole-cell cancer vaccines promotes antitumor immunity. Sci. Rep. 2016, 6, 32351. [CrossRef]

Zhao, Y.; Wei, K,; Chi, H.; Xia, Z,; Li, X. IL-7: A promising adjuvant ensuring effective T cell responses and memory in combination
with cancer vaccines? Front. Immunol. 2022, 13, 1022808. [CrossRef]

Jaffee, EM.; Hruban, R.H.; Biedrzycki, B.; Laheru, D.; Schepers, K.; Sauter, PR.; Goemann, M.; Coleman, J.; Grochow, L.;
Donehower, R.C.; et al. Novel Allogeneic Granulocyte-Macrophage Colony-Stimulating Factor-Secreting Tumor Vaccine for
Pancreatic Cancer: A Phase I Trial of Safety and Immune Activation. J. Clin. Oncol. 2001, 19, 145-156. [CrossRef]

Hato, L.; Vizcay, A.; Eguren, I; Pérez-Gracia, J.L.; Rodriguez, J.; Gallego Pérez-Larraya, J.; Sarobe, P.; Inogés, S.; Diaz De Cerio,
A.L.; Santisteban, M. Dendritic Cells in Cancer Immunology and Immunotherapy. Cancers 2024, 16, 981. [CrossRef]

Sun, C.; Ma, X,; Zhou, C.; Zhang, Z.; Guo, J. Irreversible Electroporation Combined With Dendritic Cell-based Vaccines for the
Treatment of Osteosarcoma. Anticancer. Res. 2023, 43, 3389-3400. [CrossRef]

Vincent, B.G.; File, D.M.; McKinnon, K.P.,; Moore, D.T.; Frelinger, ].A.; Collins, E.J.; Ibrahim, J.G.; Bixby, L.; Reisdorf, S.; Laurie, S.J.;
et al. Efficacy of a Dual-Epitope Dendritic Cell Vaccine as Part of Combined Immunotherapy for HER2-Expressing Breast Tumors.
J. Immunol. 2023, 211, 219-228. [CrossRef]

Yin, T,; Shi, P.; Gou, S.; Shen, Q.; Wang, C. Dendritic Cells Loaded with Pancreatic Cancer Stem Cells (CSCs) Lysates Induce
Antitumor Immune Killing Effect In Vitro. PLoS ONE 2014, 9, e114581. [CrossRef] [PubMed]

Chen, L.; Rao, W.; Chen, Y.; Xie, ]J. In vitro induction of anti-lung cancer immune response by the A549 lung cancer stem cell
lysate-sensitized dendritic cell vaccine. Oncol. Lett. 2024, 28, 550. [CrossRef]

Hu, Y; Lu, L.; Xia, Y.; Chen, X.; Chang, A.E.; Hollingsworth, R.E.; Hurt, E.; Owen, ].; Moyer, ].S.; Prince, M.E.P; et al. Therapeutic
Efficacy of Cancer Stem Cell Vaccines in the Adjuvant Setting. Cancer Res. 2016, 76, 4661-4672. [CrossRef] [PubMed]

Hashemi, F.; Razmi, M.; Tajik, F.; Zoller, M.; Dehghan Manshadi, M.; Mahdavinezhad, F; Tiyuri, A.; Ghods, R.; Madjd, Z. Efficacy
of Whole Cancer Stem Cell-Based Vaccines: A Systematic Review of Preclinical and Clinical Studies. Stem Cells 2023, 41, 207-232.
[CrossRef]


https://doi.org/10.3389/fimmu.2024.1423212
https://www.ncbi.nlm.nih.gov/pubmed/39136021
https://doi.org/10.3390/vaccines10101727
https://www.ncbi.nlm.nih.gov/pubmed/36298592
https://doi.org/10.1186/s13045-022-01247-x
https://doi.org/10.1002/1097-0142(19850315)55:6%3C1236::AID-CNCR2820550616%3E3.0.CO;2-%23
https://doi.org/10.4161/hv.19795
https://doi.org/10.7759/cureus.68351
https://doi.org/10.3390/biomedicines12092158
https://doi.org/10.1007/s00395-024-01077-7
https://doi.org/10.1186/1479-5876-5-43
https://www.ncbi.nlm.nih.gov/pubmed/17868452
https://doi.org/10.3892/ol.2023.13946
https://www.ncbi.nlm.nih.gov/pubmed/37545621
https://doi.org/10.3390/cells9030618
https://doi.org/10.1016/j.ymthe.2004.07.001
https://doi.org/10.1038/srep32351
https://doi.org/10.3389/fimmu.2022.1022808
https://doi.org/10.1200/JCO.2001.19.1.145
https://doi.org/10.3390/cancers16050981
https://doi.org/10.21873/anticanres.16514
https://doi.org/10.4049/jimmunol.2300077
https://doi.org/10.1371/journal.pone.0114581
https://www.ncbi.nlm.nih.gov/pubmed/25521461
https://doi.org/10.3892/ol.2024.14683
https://doi.org/10.1158/0008-5472.CAN-15-2664
https://www.ncbi.nlm.nih.gov/pubmed/27325649
https://doi.org/10.1093/stmcls/sxac089

Pharmaceutics 2025, 17, 216 30 of 40

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Baek, B.-S.; Park, H.; Choi, ].-W.; Lee, E.-Y.; Youn, J.-I.; Seong, S.-Y. Dendritic cells pulsed with penetratin-OLFM4 inhibit the
growth and metastasis of melanoma in mice. Biomed. Pharmacother. 2024, 177, 117083. [CrossRef] [PubMed]

Alqarni, A.; Jasim, S.A.; Altalbawy, EM.A.; Kaur, H.; Kaur, I.; Rodriguez-Benites, C.; Deorari, M.; Alwaily, E.R.; Al-Ani, AM,;
Redhee, A.H. Challenges and opportunities for cancer stem cell-targeted immunotherapies include immune checkpoint inhibitor,
cancer stem cell-dendritic cell vaccine, chimeric antigen receptor immune cells, and modified exosomes. . Biochem. Mol. Toxicol.
2024, 38, €23719. [CrossRef] [PubMed]

Hill, C.S.; Parkinson, R.; Jaffee, E.M.; Sugar, E.; Zheng, L.; Onners, B.; Weiss, M.].; Wolfgang, C.L.; Cameron, J.L.; Pawlik, TM.;
et al. Phase I Study of Adjuvant Allogeneic GM-CSF-Transduced Pancreatic Tumor Cell Vaccine, Low Dose Cyclophosphamide,
and SBRT followed by FFX in High-Risk Resected Pancreatic Ductal Adenocarcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2024.
[CrossRef]

Jacobsen, E.; Plant, A.; Redd, R.; Armand, P.; McDonough, M.; Thuoma, U.; Fisher, D.C.; Lacasce, A ; Ritz, ].; Dranoff, G.; et al. A
phase I trial of vaccination with lethally irradiated lymphoma cells admixed with granulocyte-macrophage colony-stimulating
factor secreting K562 cells for the treatment of follicular lymphoma. Leuk. Lymphoma 2024, 65, 1864-1874. [CrossRef] [PubMed]
Nemunaitis, ]. GVAX (GMCSF gene modified tumor vaccine) in advanced stage non small cell lung cancer. J. Control. Release 2003,
91, 225-231. [CrossRef] [PubMed]

Nemunaitis, J.; Jahan, T.; Ross, H.; Sterman, D.; Richards, D.; Fox, B.; Jablons, D.; Aimi, J.; Lin, A.; Hege, K. Phase 1/2 trial of
autologous tumor mixed with an allogeneic GVAX® vaccine in advanced-stage non-small-cell lung cancer. Cancer Gene Ther. 2006,
13, 555-562. [CrossRef] [PubMed]

Lutz, E.; Yeo, CJ.; Lillemoe, K.D.; Biedrzycki, B.; Kobrin, B.; Herman, J.; Sugar, E.; Piantadosi, S.; Cameron, J.L.; Solt, S.;
et al. A lethally irradiated allogeneic granulocyte-macrophage colony stimulating factor-secreting tumor vaccine for pancreatic
adenocarcinoma. A Phase II trial of safety, efficacy, and immune activation. Ann. Surg. 2011, 253, 328-335. [CrossRef] [PubMed]
Cheever, M.A; Higano, C.S. PROVENGE (Sipuleucel-T) in Prostate Cancer: The First FDA-Approved Therapeutic Cancer Vaccine.
Clin. Cancer Res. 2011, 17, 3520-3526. [CrossRef] [PubMed]

Small, E.J.; Fratesi, P.; Reese, D.M.; Strang, G.; Laus, R.; Peshwa, M.V.; Valone, FH. Immunotherapy of Hormone-Refractory
Prostate Cancer With Antigen-Loaded Dendritic Cells. J. Clin. Oncol. 2000, 18, 3894-3903. [CrossRef] [PubMed]

Najafi, S.; Mortezaee, K. Advances in dendritic cell vaccination therapy of cancer. Biomed. Pharmacother. 2023, 164, 114954.
[CrossRef]

Kong, Z.; Wang, Y.; Ma, W. Vaccination in the immunotherapy of glioblastoma. Hum. Vaccines Immunother. 2018, 14, 255-268.
[CrossRef]

Anassi, E.; Ndefo, U. Sipuleucel-T (Provenge) injection the first immunotherapy agent (Vaccine) for hormone-refractory prostate
cancer. Pharm. Ther. 2011, 36, 197-202.

Sims, R.B. Development of sipuleucel-T: Autologous cellular immunotherapy for the treatment of metastatic castrate resistant
prostate cancer. Vaccine 2012, 30, 4394-4397. [CrossRef] [PubMed]

Morton, D.L.; Hsueh, E.C.; Essner, R; Foshag, L.].; O'Day, S.J.; Bilchik, A.; Gupta, R.K.; Hoon, D.S.B.; Ravindranath, M.; Nizze,
J.A.; et al. Prolonged Survival of Patients Receiving Active Inmunotherapy With Canvaxin Therapeutic Polyvalent Vaccine After
Complete Resection of Melanoma Metastatic to Regional Lymph Nodes. Ann. Surg. 2002, 236, 438—449. [CrossRef] [PubMed]
Simons, ].W.; Carducci, M.A.; Mikhak, B.; Lim, M.; Biedrzycki, B.; Borellini, F.; Clift, 5.M.; Hege, K.M.; Ando, D.G.; Piantadosi, S.;
et al. Phase I/1I Trial of an Allogeneic Cellular Inmunotherapy in Hormone-Naive Prostate Cancer. Clin. Cancer Res. 2006, 12,
3394-3401. [CrossRef]

Seledtsov, V.; Goncharov, A.; Seledtsova, G. Clinically feasible approaches to potentiating cancer cell-based immunotherapies.
Hum. Vaccines Immunother. 2015, 11, 851-869. [CrossRef] [PubMed]

Chiang, C.L.-L.; Kandalaft, L.E.; Coukos, G. Adjuvants for Enhancing the Inmunogenicity of Whole Tumor Cell Vaccines. Int.
Rev. Immunol. 2011, 30, 150-182. [CrossRef] [PubMed]

Raja, J.; Ludwig, ].M.; Gettinger, S.N.; Schalper, K.A.; Kim, H.S. Oncolytic virus immunotherapy: Future prospects for oncology. J.
Immunother. Cancer 2018, 6, 140. [CrossRef] [PubMed]

Yang, Y.; Nam, G.-H.; Kim, G.B.; Kim, Y.K.; Kim, L-S. Intrinsic cancer vaccination. Adv. Drug Deliv. Rev. 2019, 151-152, 2-22.
[CrossRef]

Miyamoto, S.; Inoue, H.; Nakamura, T.; Yamada, M.; Sakamoto, C.; Urata, Y.; Okazaki, T.; Marumoto, T.; Takahashi, A;
Takayama, K.; et al. Coxsackievirus B3 Is an Oncolytic Virus with Immunostimulatory Properties That Is Active against Lung
Adenocarcinoma. Cancer Res. 2012, 72, 2609-2621. [CrossRef] [PubMed]

Hemminki, O.; Dos Santos, ].M.; Hemminki, A. Oncolytic viruses for cancer immunotherapy. J. Hematol. Oncol. 2020, 13, 84.
[CrossRef]


https://doi.org/10.1016/j.biopha.2024.117083
https://www.ncbi.nlm.nih.gov/pubmed/38968793
https://doi.org/10.1002/jbt.23719
https://www.ncbi.nlm.nih.gov/pubmed/38764138
https://doi.org/10.1016/j.ijrobp.2024.10.039
https://doi.org/10.1080/10428194.2024.2381651
https://www.ncbi.nlm.nih.gov/pubmed/39034493
https://doi.org/10.1016/S0168-3659(03)00210-4
https://www.ncbi.nlm.nih.gov/pubmed/12932654
https://doi.org/10.1038/sj.cgt.7700922
https://www.ncbi.nlm.nih.gov/pubmed/16410826
https://doi.org/10.1097/SLA.0b013e3181fd271c
https://www.ncbi.nlm.nih.gov/pubmed/21217520
https://doi.org/10.1158/1078-0432.CCR-10-3126
https://www.ncbi.nlm.nih.gov/pubmed/21471425
https://doi.org/10.1200/JCO.2000.18.23.3894
https://www.ncbi.nlm.nih.gov/pubmed/11099318
https://doi.org/10.1016/j.biopha.2023.114954
https://doi.org/10.1080/21645515.2017.1388481
https://doi.org/10.1016/j.vaccine.2011.11.058
https://www.ncbi.nlm.nih.gov/pubmed/22122856
https://doi.org/10.1097/00000658-200210000-00006
https://www.ncbi.nlm.nih.gov/pubmed/12368672
https://doi.org/10.1158/1078-0432.CCR-06-0145
https://doi.org/10.1080/21645515.2015.1009814
https://www.ncbi.nlm.nih.gov/pubmed/25933181
https://doi.org/10.3109/08830185.2011.572210
https://www.ncbi.nlm.nih.gov/pubmed/21557641
https://doi.org/10.1186/s40425-018-0458-z
https://www.ncbi.nlm.nih.gov/pubmed/30514385
https://doi.org/10.1016/j.addr.2019.05.007
https://doi.org/10.1158/0008-5472.CAN-11-3185
https://www.ncbi.nlm.nih.gov/pubmed/22461509
https://doi.org/10.1186/s13045-020-00922-1

Pharmaceutics 2025, 17, 216 31 of 40

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Yamano, T.; Kubo, S.; Fukumoto, M.; Yano, A.; Mawatari-Furukawa, Y.; Okamura, H.; Tomita, N. Whole cell vaccination using
immunogenic cell death by an oncolytic adenovirus is effective against a colorectal cancer model. Mol. Ther.-Oncolytics 2016, 3,
16031. [CrossRef]

Wang-Bishop, L.; Wehbe, M.; Shae, D.; James, J.; Hacker, B.C.; Garland, K.; Chistov, PP; Rafat, M.; Balko, ].M.; Wilson, J.T. Potent
STING activation stimulates immunogenic cell death to enhance antitumor immunity in neuroblastoma. J. Immunother. Cancer
2020, 8, e000282. [CrossRef]

Srinivasan, P.; Wu, X.; Basu, M.; Rossi, C.; Sandler, A.D. PD-L1 checkpoint inhibition and anti-CTLA-4 whole tumor cell
vaccination counter adaptive immune resistance: A mouse neuroblastoma model that mimics human disease. PLoS Med. 2018, 15,
€1002497. [CrossRef]

Hailemichael, Y.; Woods, A.; Fu, T.; He, Q.; Nielsen, M.C.; Hasan, F.; Roszik, J.; Xiao, Z.; Vianden, C.; Khong, H.; et al. Cancer
vaccine formulation dictates synergy with CTLA-4 and PD-L1 checkpoint blockade therapy. . Clin. Investig. 2018, 128, 1338-1354.
[CrossRef]

Raymakers, L.; Demmers, T.J.; Meijer, G.J.; Molenaar, 1.Q.; Van Santvoort, H.C.; Intven, M.PW.; Leusen, ] HW.; Olofsen, PA;
Daamen, L.A. The Effect of Radiation Treatment of Solid Tumors on Neutrophil Infiltration and Function: A Systematic Review.
Int. ]. Radiat. Oncol. Biol. Phys. 2024, 120, 845-861. [CrossRef] [PubMed]

Lee, L.; Matulonis, U. Immunotherapy and radiation combinatorial trials in gynecologic cancer: A potential synergy? Gynecol.
Oncol. 2019, 154, 236-245. [CrossRef] [PubMed]

Walle, T.; Martinez Monge, R.; Cerwenka, A.; Ajona, D.; Melero, I.; Lecanda, F. Radiation effects on antitumor immune responses:
Current perspectives and challenges. Ther. Adv. Med. Oncol. 2018, 10, 175883401774257. [CrossRef] [PubMed]

Joyce, J.A.; Fearon, D.T. T cell exclusion, immune privilege, and the tumor microenvironment. Science 2015, 348, 74-80. [CrossRef]
[PubMed]

Xu, W,; Li, S.; Li, M.; Zhou, H.; Yang, X. Upregulation of CD3( and L-selectin in antigen-specific cytotoxic T lymphocytes by
eliminating myeloid-derived suppressor cells with doxorubicin to improve killing efficacy of neuroblastoma cells in vitro. J. Clin.
Lab. Anal. 2022, 36, €24158. [CrossRef] [PubMed]

Borges, F.; Laureano, R.S.; Vanmeerbeek, I.; Sprooten, J.; Demeulenaere, O.; Govaerts, J.; Kinget, L.; Saraswat, S.; Beuselinck, B.;
De Vleeschouwer, S.; et al. Trial watch: Anticancer vaccination with dendritic cells. Oncoimmunology 2024, 13, 2412876. [CrossRef]
Luo, Y.; Shreeder, B.; Jenkins, J.W.; Shi, H.; Lamichhane, P.; Zhou, K.; Bahr, D.A.; Kurian, S.; Jones, K.A.; Daum, J.I.; et al.
Th17-inducing dendritic cell vaccines stimulate effective CD4 T cell-dependent antitumor immunity in ovarian cancer that
overcomes resistance to immune checkpoint blockade. J. Immunother. Cancer 2023, 11, e007661. [CrossRef]

Sprooten, J.; Garg, A.D. Next-generation DC vaccines with an immunogenic trajectory against cancer: Therapeutic opportunities
vs. resistance mechanisms. Genes. Immun. 2024, 1-3. [CrossRef] [PubMed]

Roberts, E.W.; Broz, M.L.; Binnewies, M.; Headley, M.B.; Nelson, A.E.; Wolf, D.M.; Kaisho, T.; Bogunovic, D.; Bhardwaj, N.;
Krummel, M.F. Critical Role for CD103" /CD141* Dendritic Cells Bearing CCRY7 for Tumor Antigen Trafficking and Priming of T
Cell Immunity in Melanoma. Cancer Cell 2016, 30, 324-336. [CrossRef]

Zhou, Y,; Slone, N.; Chrisikos, T.T.; Kyrysyuk, O.; Babcock, R.L.; Medik, Y.B.; Li, H.S.; Kleinerman, E.S.; Watowich, S.S. Vaccine
efficacy against primary and metastatic cancer with in vitro-generated CD103* conventional dendritic cells. J. Immunother. Cancer
2020, 8, €000474. [CrossRef]

Schiller, ].T.; Lowy, D.R,; Frazer, LH.; Finn, O.].; Vilar, E.; Lyerly, HK.; Gnjatic, S.; Zaidi, N.; Ott, P.A.; Balachandran, V.P; et al.
Cancer vaccines. Cancer Cell 2022, 40, 559-564. [CrossRef] [PubMed]

Yu, M.W,; Quail, D.E. Immunotherapy for Glioblastoma: Current Progress and Challenges. Front. Immunol. 2021, 12, 676301.
[CrossRef]

Lynes, J.; Sanchez, V.; Dominah, G.; Nwankwo, A.; Nduom, E. Current Options and Future Directions in Immune Therapy for
Glioblastoma. Front. Oncol. 2018, 8, 578. [CrossRef]

Liau, L.M.; Black, K.L.; Martin, N.A.; Sykes, S.N.; Bronstein, ].M.; Jouben-Steele, L.; Mischel, P.S.; Belldegrun, A.; Cloughesy, T.F.
Treatment of a patient by vaccination with autologous dendritic cells pulsed with allogeneic major histocompatibility complex
class I-matched tumor peptides. Case Report. Neurosurg. Focus. 2000, 9, e8. [CrossRef]

Yu, J.S.; Wheeler, C.J.; Zeltzer, PM.; Ying, H.; Finger, D.N.; Lee, PX.; Yong, W.H.; Incardona, F.; Thompson, R.C.; Riedinger, M.S.;
et al. Vaccination of malignant glioma patients with peptide-pulsed dendritic cells elicits systemic cytotoxicity and intracranial
T-cell infiltration. Cancer Res. 2001, 61, 842-847.

Wen, PY.; Reardon, D.A.; Armstrong, T.S.; Phuphanich, S.; Aiken, R.D.; Landolfi, J.C.; Curry, W.T.; Zhu, ].J.; Glantz, M.; Peereboom,
D.M,; et al. A Randomized Double-Blind Placebo-Controlled Phase II Trial of Dendritic Cell Vaccine ICT-107 in Newly Diagnosed
Patients with Glioblastoma. Clin. Cancer Res. 2019, 25, 5799-5807. [CrossRef] [PubMed]

Pour, M.E.; Moghadam, S.G.; Shirkhani, P.; Sahebkar, A.; Mosaffa, F. Therapeutic cell-based vaccines for glioblastoma multiforme.
Med. Oncol. 2023, 40, 354. [CrossRef]


https://doi.org/10.1038/mto.2016.31
https://doi.org/10.1136/jitc-2019-000282
https://doi.org/10.1371/journal.pmed.1002497
https://doi.org/10.1172/JCI93303
https://doi.org/10.1016/j.ijrobp.2024.07.2141
https://www.ncbi.nlm.nih.gov/pubmed/39009323
https://doi.org/10.1016/j.ygyno.2019.03.255
https://www.ncbi.nlm.nih.gov/pubmed/30995960
https://doi.org/10.1177/1758834017742575
https://www.ncbi.nlm.nih.gov/pubmed/29383033
https://doi.org/10.1126/science.aaa6204
https://www.ncbi.nlm.nih.gov/pubmed/25838376
https://doi.org/10.1002/jcla.24158
https://www.ncbi.nlm.nih.gov/pubmed/34861064
https://doi.org/10.1080/2162402X.2024.2412876
https://doi.org/10.1136/jitc-2023-007661
https://doi.org/10.1038/s41435-024-00294-3
https://www.ncbi.nlm.nih.gov/pubmed/39191999
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1136/jitc-2019-000474
https://doi.org/10.1016/j.ccell.2022.05.015
https://www.ncbi.nlm.nih.gov/pubmed/35700704
https://doi.org/10.3389/fimmu.2021.676301
https://doi.org/10.3389/fonc.2018.00578
https://doi.org/10.3171/foc.2000.9.6.9
https://doi.org/10.1158/1078-0432.CCR-19-0261
https://www.ncbi.nlm.nih.gov/pubmed/31320597
https://doi.org/10.1007/s12032-023-02220-5

Pharmaceutics 2025, 17, 216 32 of 40

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

109.

110.

111.

112.

da Silva, L.H.R.; Catharino, L.C.C.; da Silva, VJ.; Evangelista, G.C.M.; Barbuto, ]. A.M. The War Is on: The Inmune System against
Glioblastoma-How Can NK Cells Drive This Battle? Biomedicines 2022, 10, 400. [CrossRef]

Rapp, M.; Grauer, O.M.; Kamp, M.; Sevens, N.; Zotz, N.; Sabel, M.; Sorg, R.V. A randomized controlled phase II trial of vaccination
with lysate-loaded, mature dendritic cells integrated into standard radiochemotherapy of newly diagnosed glioblastoma (GlioVax):
Study protocol for a randomized controlled trial. Trials 2018, 19, 293. [CrossRef]

Inogés, S.; Tejada, S.; de Cerio, A.L.; Géllego Pérez-Larraya, J.; Espinés, J.; Idoate, M.A.; Dominguez, P.D.; de Eulate, R.G;
Aristu, J.; Bendandi, M.; et al. A phase II trial of autologous dendritic cell vaccination and radiochemotherapy following
fluorescence-guided surgery in newly diagnosed glioblastoma patients. J. Transl. Med. 2017, 15, 104. [CrossRef] [PubMed]
Ardon, H.; Van Gool, S.W.; Verschuere, T.; Maes, W.; Fieuws, S.; Sciot, R.; Wilms, G.; Demaerel, P; Goffin, J.; Van Calenbergh, E;
et al. Integration of autologous dendritic cell-based immunotherapy in the standard of care treatment for patients with newly
diagnosed glioblastoma: Results of the HGG-2006 phase I/1I trial. Cancer Immunol. Immunother. 2012, 61, 2033-2044. [CrossRef]
[PubMed]

Lv, L.; Huang, J.; Xi, H.; Zhou, X. Efficacy and safety of dendritic cell vaccines for patients with glioblastoma: A meta-analysis of
randomized controlled trials. Int. Immunopharmacol. 2020, 83, 106336. [CrossRef] [PubMed]

Graham, D.B; Luo, C.; O’Connell, D.J.; Lefkovith, A.; Brown, E.M.; Yassour, M.; Varma, M.; Abelin, ].G.; Conway, K.L.; Jasso, G.J.;
et al. Antigen discovery and specification of immunodominance hierarchies for MHClII-restricted epitopes. Nat. Med. 2018, 24,
1762-1772. [CrossRef] [PubMed]

Schneidman-Duhovny, D.; Khuri, N.; Dong, G.Q.; Winter, M.B.; Shifrut, E.; Friedman, N.; Craik, C.S.; Pratt, K.P; Paz, P.; Aswad,
F; et al. Predicting CD4 T-cell epitopes based on antigen cleavage, MHCII presentation, and TCR recognition. PLoS ONE 2018, 13,
€0206654. [CrossRef]

Bojarska, J.; Wolf, WM. Short Peptides as Powerful Arsenal for Smart Fighting Cancer. Cancers 2024, 16, 3254. [CrossRef]
Roudko, V.; Greenbaum, B.; Bhardwaj, N. Computational Prediction and Validation of Tumor-Associated Neoantigens. Front.
Immunol. 2020, 11, 27. [CrossRef]

Peng, M.; Mo, Y.; Wang, Y.; Wu, P.; Zhang, Y.; Xiong, F.; Guo, C.; Wu, X,; Li, Y; Li, X,; et al. Neoantigen vaccine: An emerging
tumor immunotherapy. Mol. Cancer 2019, 18, 128. [CrossRef] [PubMed]

Shen, Y,; Yu, L.; Xu, X.; Yu, S.; Yu, Z. Neoantigen vaccine and neoantigen-specific cell adoptive transfer therapy in solid tumors:
Challenges and future directions. Cancer Innov. 2022, 1, 168-182. [CrossRef]

Melero, I.; Gaudernack, G.; Gerritsen, W.; Huber, C.; Parmiani, G.; Scholl, S.; Thatcher, N.; Wagstaff, J.; Zielinski, C.; Faulkner, L;
et al. Therapeutic vaccines for cancer: An overview of clinical trials. Nat. Rev. Clin. Oncol. 2014, 11, 509-524. [CrossRef] [PubMed]
Nelde, A.; Rammensee, H.G.; Walz, ].S. The Peptide Vaccine of the Future. Mol. Cell Proteom. 2021, 20, 100022. [CrossRef]
[PubMed]

Hamley, I.W. Peptides for Vaccine Development. ACS Appl. Bio Mater. 2022, 5, 905-944. [CrossRef] [PubMed]

Kumai, T.; Lee, S.; Cho, H.I; Sultan, H.; Kobayashi, H.; Harabuchi, Y.; Celis, E. Optimization of Peptide Vaccines to Induce Robust
Antitumor CD4 T-cell Responses. Cancer Immunol. Res. 2017, 5, 72-83. [CrossRef]

Liu, D.; Liu, L.; Li, X;; Wang, S.; Wu, G.; Che, X. Advancements and Challenges in Peptide-Based Cancer Vaccination: A
Multidisciplinary Perspective. Vaccines 2024, 12, 950. [CrossRef] [PubMed]

Liu, W.; Tang, H.; Li, L.; Wang, X.; Yu, Z.; Li, ]. Peptide-based therapeutic cancer vaccine: Current trends in clinical application.
Cell Prolif. 2021, 54, e13025. [CrossRef] [PubMed]

Jou, J.; Harrington, K.J.; Zocca, M.B.; Ehrnrooth, E.; Cohen, E.E.W. The Changing Landscape of Therapeutic Cancer Vaccines-Novel
Platforms and Neoantigen Identification. Clin. Cancer Res. 2021, 27, 689-703. [CrossRef] [PubMed]

Phan, T.; Fan, D.; Melstrom, L.G. Developing Vaccines in Pancreatic Adenocarcinoma: Trials and Tribulations. Curr. Oncol. 2024,
31, 4855-4884. [CrossRef]

Zhang, S.; Huang, C.; Li, Y;; Li, Z.; Zhu, Y.; Yang, L.; Hu, H.; Sun, Q.; Liu, M.; Cao, S. Anti-cancer immune effect of human
colorectal cancer neoantigen peptide based on MHC class I molecular affinity screening. Front. Immunol. 2024, 15, 1473145.
[CrossRef]

Hampson, IN.; Oliver, A.W. Update on Effects of the Prophylactic HPV Vaccines on HPV Type Prevalence and Cervical Pathology.
Viruses 2024, 16, 1245. [CrossRef]

Mbulawa, Z.Z.A.; Kondlo, S.; Toni, S.; Faye, L.M.; Businge, C.B. Prevalence, Characteristics, and Distribution of Human
Papillomavirus According to Age and HIV Status in Women of Eastern Cape Province, South Africa. Viruses 2024, 16, 1751.
[CrossRef] [PubMed]

Zahedipour, F; Jamialahmadi, K.; Zamani, P.; Reza Jaafari, M. Improving the efficacy of peptide vaccines in cancer immunotherapy.
Int. Immunopharmacol. 2023, 123, 110721. [CrossRef]


https://doi.org/10.3390/biomedicines10020400
https://doi.org/10.1186/s13063-018-2659-7
https://doi.org/10.1186/s12967-017-1202-z
https://www.ncbi.nlm.nih.gov/pubmed/28499389
https://doi.org/10.1007/s00262-012-1261-1
https://www.ncbi.nlm.nih.gov/pubmed/22527250
https://doi.org/10.1016/j.intimp.2020.106336
https://www.ncbi.nlm.nih.gov/pubmed/32213460
https://doi.org/10.1038/s41591-018-0203-7
https://www.ncbi.nlm.nih.gov/pubmed/30349087
https://doi.org/10.1371/journal.pone.0206654
https://doi.org/10.3390/cancers16193254
https://doi.org/10.3389/fimmu.2020.00027
https://doi.org/10.1186/s12943-019-1055-6
https://www.ncbi.nlm.nih.gov/pubmed/31443694
https://doi.org/10.1002/cai2.26
https://doi.org/10.1038/nrclinonc.2014.111
https://www.ncbi.nlm.nih.gov/pubmed/25001465
https://doi.org/10.1074/mcp.R120.002309
https://www.ncbi.nlm.nih.gov/pubmed/33583769
https://doi.org/10.1021/acsabm.1c01238
https://www.ncbi.nlm.nih.gov/pubmed/35195008
https://doi.org/10.1158/2326-6066.CIR-16-0194
https://doi.org/10.3390/vaccines12080950
https://www.ncbi.nlm.nih.gov/pubmed/39204073
https://doi.org/10.1111/cpr.13025
https://www.ncbi.nlm.nih.gov/pubmed/33754407
https://doi.org/10.1158/1078-0432.CCR-20-0245
https://www.ncbi.nlm.nih.gov/pubmed/33122346
https://doi.org/10.3390/curroncol31090361
https://doi.org/10.3389/fimmu.2024.1514836
https://doi.org/10.3390/v16081245
https://doi.org/10.3390/v16111751
https://www.ncbi.nlm.nih.gov/pubmed/39599866
https://doi.org/10.1016/j.intimp.2023.110721

Pharmaceutics 2025, 17, 216 33 of 40

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

Wang, X.; Niu, Y.; Bian, F. The progress of tumor vaccines clinical trials in non-small cell lung cancer. Clin. Transl. Oncol. 2024,
1-13. [CrossRef]

Fu, Q.; Luo, Y;; Li, J.; Li, H.; Liu, X,; Chen, Z; Ni, G.; Wang, T. Caerin 1.1 and 1.9 peptides halt B16 melanoma metastatic tumours
via expanding ¢cDC1 and reprogramming tumour macrophages. J. Transl. Med. 2024, 22, 973. [CrossRef]

Mittendorf, E.A ; Clifton, G.T.; Holmes, J.P; Schneble, E.; Van Echo, D.; Ponniah, S.; Peoples, G.E. Final report of the phase I/1I
clinical trial of the E75 (nelipepimut-S) vaccine with booster inoculations to prevent disease recurrence in high-risk breast cancer
patients. Ann. Oncol. 2014, 25, 1735-1742. [CrossRef] [PubMed]

Onodi, F; Maherzi-Mechalikh, C.; Mougel, A.; Ben Hamouda, N.; Taboas, C.; Gueugnon, F;; Tran, T.; Nozach, H.; Marcon, E.; Gey,
A_; et al. High Therapeutic Efficacy of a New Survivin LSP-Cancer Vaccine Containing CD4* and CD8* T-Cell Epitopes. Front.
Oncol. 2018, 8, 517. [CrossRef]

Stephens, A.].; Burgess-Brown, N.A ; Jiang, S. Beyond Just Peptide Antigens: The Complex World of Peptide-Based Cancer
Vaccines. Front. Immunol. 2021, 12, 696791. [CrossRef] [PubMed]

Stergiou, N.; Gaidzik, N.; Heimes, A.S.; Dietzen, S.; Besenius, P; Jékel, ]J.; Brenner, W.; Schmidt, M.; Kunz, H.; Schmitt, E. Reduced
Breast Tumor Growth after Inmunization with a Tumor-Restricted MUC1 Glycopeptide Conjugated to Tetanus Toxoid. Cancer
Immunol. Res. 2019, 7, 113-122. [CrossRef] [PubMed]

Stergiou, N.; Glaffig, M.; Jonuleit, H.; Schmitt, E.; Kunz, H. Inmunization with a Synthetic Human MUC1 Glycopeptide Vaccine
against Tumor-Associated MUC1 Breaks Tolerance in Human MUCI Transgenic Mice. ChemMedChem 2017, 12, 1424-1428.
[CrossRef] [PubMed]

Naz, R.K.; Dabir, P. Peptide vaccines against cancer, infectious diseases, and conception. Front. Biosci. 2007, 12, 1833-1844.
[CrossRef] [PubMed]

Boumelha, J.; Molina-Arcas, M.; Downward, ]. Facts and Hopes on RAS Inhibitors and Cancer Immunotherapy. Clin. Cancer Res.
2023, 29, 5012-5020. [CrossRef]

Mugarza, E.; van Maldegem, F; Boumelha, J.; Moore, C.; Rana, S.; Llorian Sopena, M.; East, P.; Ambler, R.; Anastasiou, P;
Romero-Clavijo, P; et al. Therapeutic KRAS(G12C) inhibition drives effective interferon-mediated antitumor immunity in
immunogenic lung cancers. Sci. Adv. 2022, 8, eabm8780. [CrossRef] [PubMed]

Molina-Arcas, M.; Downward, J. Exploiting the therapeutic implications of KRAS inhibition on tumor immunity. Cancer Cell 2024,
42,338-357. [CrossRef]

Sakamoto, S.; Noguchi, M.; Yamada, A.; Itoh, K.; Sasada, T. Prospect and progress of personalized peptide vaccinations for
advanced cancers. Expert. Opin. Biol. Ther. 2016, 16, 689-698. [CrossRef]

Desrichard, A.; Snyder, A.; Chan, T.A. Cancer Neoantigens and Applications for Inmunotherapy. Clin. Cancer Res. 2016, 22,
807-812. [CrossRef]

Liu, Z.; Lv, ].; Dang, Q.; Liu, L.; Weng, S.; Wang, L.; Zhou, Z.; Kong, Y.; Li, H.; Han, Y,; et al. Engineering neoantigen vaccines to
improve cancer personalized immunotherapy. Int. J. Biol. Sci. 2022, 18, 5607-5623. [CrossRef] [PubMed]

Chen, Z.; Zhang, S.; Han, N,; Jiang, J.; Xu, Y.; Ma, D.; Lu, L.; Guo, X.; Qiu, M.; Huang, Q.; et al. A Neoantigen-Based Peptide
Vaccine for Patients With Advanced Pancreatic Cancer Refractory to Standard Treatment. Front. Immunol. 2021, 12, 691605.
[CrossRef] [PubMed]

Criscitiello, C.; Viale, G.; Curigliano, G. Peptide vaccines in early breast cancer. Breast 2019, 44, 128-134. [CrossRef]

Tu, H.E; Wong, M.; Tseng, S.H.; Ingavat, N.; Olczak, P.; Notarte, K.I.; Hung, C.F,; Roden, R.B.S. Virus-like particle vaccine
displaying an external, membrane adjacent MUC16 epitope elicits ovarian cancer-reactive antibodies. ]. Ovarian Res. 2024, 17, 19.
[CrossRef]

Zhao, ].; Zhang, L.; Li, P; Liu, S.; Yu, S.; Chen, Z.; Zhu, M.; Xie, S.; Ling, D.; Li, F. An Immunomodulatory Zinc-Alum/Ovalbumin
Nanovaccine Boosts Cancer Metalloimmunotherapy Through Erythrocyte-Assisted Cascade Immune Activation. Adv. Sci. 2024,
11, €2307389. [CrossRef]

Phung, I.; Rodrigues, K.A.; Marina-Zarate, E.; Maiorino, L.; Pahar, B.; Lee, W.H.; Melo, M.; Kaur, A.; Allers, C.; Fahlberg, M.; et al.
A combined adjuvant approach primes robust germinal center responses and humoral immunity in non-human primates. Nat.
Commun. 2023, 14, 7107. [CrossRef] [PubMed]

Makino, T.; Miyata, H.; Yasuda, T.; Kitagawa, Y.; Muro, K.; Park, J].H.; Hikichi, T.; Hasegawa, T.; Igarashi, K.; Iguchi, M.; et al.
A phase 3, randomized, double-blind, multicenter, placebo-controlled study of S-588410, a five-peptide cancer vaccine as an
adjuvant therapy after curative resection in patients with esophageal squamous cell carcinoma. Esophagus 2024, 21, 447-455.
[CrossRef]

Melssen, M.M.; Fisher, C.T; Slingluff, C.L.; Melief, C.].M. Peptide emulsions in incomplete Freund’s adjuvant create effective
nurseries promoting egress of systemic CD4* and CD8* T cells for immunotherapy of cancer. J. Immunother. Cancer 2022, 10,
€004709. [CrossRef]


https://doi.org/10.1007/s12094-024-03678-z
https://doi.org/10.1186/s12967-024-05763-x
https://doi.org/10.1093/annonc/mdu211
https://www.ncbi.nlm.nih.gov/pubmed/24907636
https://doi.org/10.3389/fonc.2018.00517
https://doi.org/10.3389/fimmu.2021.696791
https://www.ncbi.nlm.nih.gov/pubmed/34276688
https://doi.org/10.1158/2326-6066.CIR-18-0256
https://www.ncbi.nlm.nih.gov/pubmed/30413430
https://doi.org/10.1002/cmdc.201700387
https://www.ncbi.nlm.nih.gov/pubmed/28675699
https://doi.org/10.2741/2191
https://www.ncbi.nlm.nih.gov/pubmed/17127424
https://doi.org/10.1158/1078-0432.CCR-22-3655
https://doi.org/10.1126/sciadv.abm8780
https://www.ncbi.nlm.nih.gov/pubmed/35857848
https://doi.org/10.1016/j.ccell.2024.02.012
https://doi.org/10.1517/14712598.2016.1161752
https://doi.org/10.1158/1078-0432.CCR-14-3175
https://doi.org/10.7150/ijbs.76281
https://www.ncbi.nlm.nih.gov/pubmed/36263174
https://doi.org/10.3389/fimmu.2021.691605
https://www.ncbi.nlm.nih.gov/pubmed/34484187
https://doi.org/10.1016/j.breast.2019.02.003
https://doi.org/10.1186/s13048-023-01325-9
https://doi.org/10.1002/advs.202307389
https://doi.org/10.1038/s41467-023-42923-x
https://www.ncbi.nlm.nih.gov/pubmed/37925510
https://doi.org/10.1007/s10388-024-01072-w
https://doi.org/10.1136/jitc-2022-004709

Pharmaceutics 2025, 17, 216 34 of 40

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

151.

152.

153.

154.

155.

Roehnisch, T.; Martos-Contreras, M.C.; Manoochehri, M.; Nogueira, M.; Bremm, F.; Dérrie, J.; Christoph, J.; Kunz, M.; Schénhart-
ing, W. Individualized neoantigen peptide immunization of a metastatic pancreatic cancer patient: A case report of combined
tumor and liquid biopsy. Front. Immunol. 2024, 15, 1414737. [CrossRef] [PubMed]

Gupta, A.; O’Cearbhaill, R.E.; Block, M.S.; Hamilton, E.; Konner, J.A.; Knutson, K.L.; Potts, J.; Garrett, G.; Kenney, R.T.; Wenham,
R.M. Vaccination with folate receptor-alpha peptides in patients with ovarian cancer following response to platinum-based
therapy: A randomized, multicenter clinical trial. Gynecol. Oncol. 2024, 189, 90-97. [CrossRef]

Liao, J.-Y.; Zhang, S. Safety and Efficacy of Personalized Cancer Vaccines in Combination With Immune Checkpoint Inhibitors in
Cancer Treatment. Front. Oncol. 2021, 11, 663264. [CrossRef] [PubMed]

Soltani, M.; Savvateeva, L.V.; Ganjalikhani-Hakemi, M.; Zamyatnin, A.A. Clinical Combinatorial Treatments Based on Cancer
Vaccines: Combination with Checkpoint Inhibitors and Beyond. Curr. Drug Targets 2022, 23, 1072-1084. [CrossRef] [PubMed]
Tagliabue, E.; Campiglio, M.; Pupa, S.M.; Ménard, S.; Balsari, A. Activity and resistance of trastuzumab according to different
clinical settings. Cancer Treat. Rev. 2012, 38, 212-217. [CrossRef] [PubMed]

Gall, V.A,; Philips, A.V,; Qiao, N.; Clise-Dwyer, K.; Perakis, A.A.; Zhang, M.; Clifton, G.T.; Sukhumalchandra, P.; Ma, Q.; Reddy,
S.M,; et al. Trastuzumab Increases HER2 Uptake and Cross-Presentation by Dendritic Cells. Cancer Res. 2017, 77, 5374-5383.
[CrossRef]

Hickerson, A.; Clifton, G.T.; Hale, D.E,; Peace, KM.; Holmes, J.P; Vreeland, T.J.; Litton, ] K.; Murthy, R.K,; Lukas, ].J.; Mittendorf,
E.A.; et al. Final analysis of nelipepimut-S plus GM-CSF with trastuzumab versus trastuzumab alone to prevent recurrences in
high-risk, HER2 low-expressing breast cancer: A prospective, randomized, blinded, multicenter phase IIb trial. J. Clin. Oncol.
2019, 37, 1. [CrossRef]

Huijts, C.M.; Santegoets, S.J.; van den Eertwegh, A.].; Pijpers, L.S.; Haanen, J.B.; de Gruijl, T.D.; Verheul, H.M.; van der Vliet, H.J.
Phase I-II study of everolimus and low-dose oral cyclophosphamide in patients with metastatic renal cell cancer. BMC Cancer
2011, 11, 505. [CrossRef]

Scurr, M.; Pembroke, T.; Bloom, A.; Roberts, D.; Thomson, A.; Smart, K.; Bridgeman, H.; Adams, R.; Brewster, A.; Jones, R.; et al.
Effect of Modified Vaccinia Ankara-5T4 and Low-Dose Cyclophosphamide on Antitumor Immunity in Metastatic Colorectal
Cancer: A Randomized Clinical Trial. JAMA Oncol. 2017, 3, €172579. [CrossRef]

Shirahama, T.; Muroya, D.; Matsueda, S.; Yamada, A.; Shichijo, S.; Naito, M.; Yamashita, T.; Sakamoto, S.; Okuda, K.; Itoh, K; et al.
A randomized phase II trial of personalized peptide vaccine with low dose cyclophosphamide in biliary tract cancer. Cancer Sci.
2017, 108, 838-845. [CrossRef]

Puigmal, N.; Ramos, V.; Artzi, N.; Borrés, S. Poly([3-amino ester)s-Based Delivery Systems for Targeted Transdermal Vaccination.
Pharmaceutics 2023, 15, 1262. [CrossRef] [PubMed]

Qin, F; Xia, E; Chen, H.; Cui, B.; Feng, Y.; Zhang, P.; Chen, J.; Luo, M. A Guide to Nucleic Acid Vaccines in the Prevention and
Treatment of Infectious Diseases and Cancers: From Basic Principles to Current Applications. Front. Cell Dev. Biol. 2021, 9, 633776.
[CrossRef] [PubMed]

Jahanafrooz, Z.; Baradaran, B.; Mosafer, J.; Hashemzaei, M.; Rezaei, T.; Mokhtarzadeh, A.; Hamblin, M.R. Comparison of DNA
and mRNA vaccines against cancer. Drug Discov. Today 2020, 25, 552-560. [CrossRef] [PubMed]

Lopes, A.; Vandermeulen, G.; Préat, V. Cancer DNA vaccines: Current preclinical and clinical developments and future
perspectives. J. Exp. Clin. Cancer Res. 2019, 38, 146. [CrossRef]

Liu, M.A. A Comparison of Plasmid DNA and mRNA as Vaccine Technologies. Vaccines 2019, 7, 37. [CrossRef] [PubMed]
Ferraro, B.; Morrow, M.P,; Hutnick, N.A; Shin, T.H.; Lucke, C.E.; Weiner, D.B. Clinical applications of DNA vaccines: Current
progress. Clin. Infect. Dis. 2011, 53, 296-302. [CrossRef] [PubMed]

Lu, B,; Lim, ].M.; Yu, B,; Song, S.; Neeli, P; Sobhani, N.; K, P.; Bonam, S.R.; Kurapati, R.; Zheng, J.; et al. The next-generation
DNA vaccine platforms and delivery systems: Advances, challenges and prospects. Front. Immunol. 2024, 15, 1332939. [CrossRef]
[PubMed]

Pandya, A.; Shah, Y.; Kothari, N.; Postwala, H.; Shah, A.; Parekh, P.; Chorawala, M.R. The future of cancer immunotherapy: DNA
vaccines leading the way. Med. Oncol. 2023, 40, 200. [CrossRef]

Tiptiri-Kourpeti, A.; Spyridopoulou, K.; Pappa, A.; Chlichlia, K. DNA vaccines to attack cancer: Strategies for improving
immunogenicity and efficacy. Pharmacol. Ther. 2016, 165, 32-49. [CrossRef]

Dang, Y.; Guan, J. Nanoparticle-based drug delivery systems for cancer therapy. Smart Mater. Med. 2020, 1, 10-19. [CrossRef]
[PubMed]

Chen, F; Shi, Y.;; Zhang, J.; Liu, Q. Nanoparticle-based Drug Delivery Systems for Targeted Epigenetics Cancer Therapy. Curr.
Drug Targets 2020, 21, 1084-1098. [CrossRef]

Xin, Y,; Yin, M.; Zhao, L.; Meng, F.; Luo, L. Recent progress on nanoparticle-based drug delivery systems for cancer therapy.
Cancer Biol. Med. 2017, 14, 228-241. [CrossRef] [PubMed]


https://doi.org/10.3389/fimmu.2024.1414737
https://www.ncbi.nlm.nih.gov/pubmed/38938562
https://doi.org/10.1016/j.ygyno.2024.07.675
https://doi.org/10.3389/fonc.2021.663264
https://www.ncbi.nlm.nih.gov/pubmed/34123821
https://doi.org/10.2174/1389450123666220421124542
https://www.ncbi.nlm.nih.gov/pubmed/35593358
https://doi.org/10.1016/j.ctrv.2011.06.002
https://www.ncbi.nlm.nih.gov/pubmed/21726959
https://doi.org/10.1158/0008-5472.CAN-16-2774
https://doi.org/10.1200/JCO.2019.37.8_suppl.1
https://doi.org/10.1186/1471-2407-11-505
https://doi.org/10.1001/jamaoncol.2017.2579
https://doi.org/10.1111/cas.13193
https://doi.org/10.3390/pharmaceutics15041262
https://www.ncbi.nlm.nih.gov/pubmed/37111746
https://doi.org/10.3389/fcell.2021.633776
https://www.ncbi.nlm.nih.gov/pubmed/34113610
https://doi.org/10.1016/j.drudis.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/31843577
https://doi.org/10.1186/s13046-019-1154-7
https://doi.org/10.3390/vaccines7020037
https://www.ncbi.nlm.nih.gov/pubmed/31022829
https://doi.org/10.1093/cid/cir334
https://www.ncbi.nlm.nih.gov/pubmed/21765081
https://doi.org/10.3389/fimmu.2024.1332939
https://www.ncbi.nlm.nih.gov/pubmed/38361919
https://doi.org/10.1007/s12032-023-02060-3
https://doi.org/10.1016/j.pharmthera.2016.05.004
https://doi.org/10.1016/j.smaim.2020.04.001
https://www.ncbi.nlm.nih.gov/pubmed/34553138
https://doi.org/10.2174/1389450121666200514222900
https://doi.org/10.20892/j.issn.2095-3941.2017.0052
https://www.ncbi.nlm.nih.gov/pubmed/28884040

Pharmaceutics 2025, 17, 216 35 of 40

156.

157.

158.

159.
160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Lorentzen, C.L.; Haanen, ].B.; Met, O.; Svane, .M. Clinical advances and ongoing trials on mRNA vaccines for cancer treatment.
Lancet Oncol. 2022, 23, e450-e458. [CrossRef] [PubMed]

Deng, Z.; Tian, Y.; Song, J.; An, G.; Yang, P. mRNA Vaccines: The Dawn of a New Era of Cancer Immunotherapy. Front. Immunol.
2022, 13, 887125. [CrossRef]

Sayour, E.J.; Boczkowski, D.; Mitchell, D.A.; Nair, S.K. Cancer mRNA vaccines: Clinical advances and future opportunities. Nat.
Rev. Clin. Oncol. 2024, 21, 489-500. [CrossRef] [PubMed]

Mei, Y.; Wang, X. RNA modification in mRNA cancer vaccines. Clin. Exp. Med. 2023, 23, 1917-1931. [CrossRef]

Chehelgerdi, M.; Chehelgerdi, M. The use of RNA-based treatments in the field of cancer immunotherapy. Mol. Cancer 2023, 22,
106. [CrossRef]

Omidi, Y.; Pourseif, M.M.; Ansari, R.A.; Barar, J. Design and development of mRNA and self-amplifying mRNA vaccine
nanoformulations. Nanomedicine 2024, 19, 2699-2725. [CrossRef] [PubMed]

Zong, Y; Lin, Y,; Wei, T.; Cheng, Q. Lipid Nanoparticle (LNP) Enables mRNA Delivery for Cancer Therapy. Adv. Mater. 2023, 35,
€2303261. [CrossRef] [PubMed]

Zhang, H.; Xia, X. RNA cancer vaccines: Developing mRNA nanovaccine with self-adjuvant property for cancer immunotherapy.
Hum. Vaccin. Immunother. 2021, 17, 2995-2998. [CrossRef]

Zhou, L.; Yi, W.; Zhang, Z.; Shan, X.; Zhao, Z.; Sun, X.; Wang, J.; Wang, H.; Jiang, H.; Zheng, M.; et al. STING agonist-boosted
mRNA immunization via intelligent design of nanovaccines for enhancing cancer immunotherapy. Natl. Sci. Rev. 2023, 10,
nwad214. [CrossRef] [PubMed]

Zhang, X.; Wang, K.; Zhao, Z.; Shan, X.; Wang, Y.; Feng, Z.; Li, B.; Luo, C.; Chen, X.; Sun, J. Self-Adjuvanting Polyguanidine
Nanovaccines for Cancer Immunotherapy. ACS Nano 2024, 18, 7136-7147. [CrossRef]

Vishweshwaraiah, Y.L.; Dokholyan, N.V. mRNA vaccines for cancer immunotherapy. Front. Immunol. 2022, 13, 1029069.
[CrossRef] [PubMed]

Disis, M.L.N.; Guthrie, K.A,; Liu, Y.; Coveler, A.L.; Higgins, D.M.; Childs, ].S.; Dang, Y.; Salazar, L.G. Safety and Outcomes of a
Plasmid DNA Vaccine Encoding the ERBB2 Intracellular Domain in Patients With Advanced-Stage ERBB2-Positive Breast Cancer:
A Phase 1 Nonrandomized Clinical Trial. JAMA Oncol. 2023, 9, 71-78. [CrossRef]

Awad, M.M.; Govindan, R.; Balogh, K.N.; Spigel, D.R.; Garon, E.B.; Bushway, M.E.; Poran, A.; Sheen, ].H.; Kohler, V.; Esaulova, E.;
et al. Personalized neoantigen vaccine NEO-PV-01 with chemotherapy and anti-PD-1 as first-line treatment for non-squamous
non-small cell lung cancer. Cancer Cell 2022, 40, 1010-1026.e1011. [CrossRef] [PubMed]

Keskin, D.B.; Anandappa, A.J.; Sun, J.; Tirosh, I.; Mathewson, N.D.; Li, S; Oliveira, G.; Giobbie-Hurder, A.; Felt, K.; Gjini, E.; et al.
Neoantigen vaccine generates intratumoral T cell responses in phase Ib glioblastoma trial. Nature 2019, 565, 234-239. [CrossRef]
Pant, S.; Wainberg, Z.A.; Weekes, C.D.; Furqan, M.; Kasi, PM.; Devoe, C.E,; Leal, A.D.; Chung, V.; Basturk, O.; VanWyk, H.; et al.
Lymph-node-targeted, mKRAS-specific amphiphile vaccine in pancreatic and colorectal cancer: The phase 1 AMPLIFY-201 trial.
Nat. Med. 2024, 30, 531-542. [CrossRef]

Rojas, L.A.; Sethna, Z.; Soares, K.C.; Olcese, C.; Pang, N.; Patterson, E.; Lihm, J.; Ceglia, N.; Guasp, P.; Chu, A.; et al. Personalized
RNA neoantigen vaccines stimulate T cells in pancreatic cancer. Nature 2023, 618, 144-150. [CrossRef] [PubMed]

Muth, S.T.; Saung, M.T.; Blair, A.B.; Henderson, M.G.; Thomas, D.L., 2nd; Zheng, L. CD137 agonist-based combination im-
munotherapy enhances activated, effector memory T cells and prolongs survival in pancreatic adenocarcinoma. Cancer Lett. 2021,
499, 99-108. [CrossRef]

Cafri, G.; Gartner, ].J.; Zaks, T.; Hopson, K.; Levin, N.; Paria, B.C.; Parkhurst, M.R.; Yossef, R.; Lowery, E].; Jafferji, M.S.; et al.
mRNA vaccine-induced neoantigen-specific T cell immunity in patients with gastrointestinal cancer. J. Clin. Investig. 2020, 130,
5976-5988. [CrossRef]

Sharma, P.; Hu-Lieskovan, S.; Wargo, ].A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Inmunotherapy. Cell
2017, 168, 707-723. [CrossRef] [PubMed]

Postow, M.A; Callahan, M.K.; Wolchok, J.D. Immune Checkpoint Blockade in Cancer Therapy. J. Clin. Oncol. 2015, 33, 1974-1982.
[CrossRef] [PubMed]

Emens, L.A.; Ascierto, PA.; Darcy, PK.; Demaria, S.; Eggermont, A.M.M.; Redmond, W.L.; Seliger, B.; Marincola, EM. Cancer
immunotherapy: Opportunities and challenges in the rapidly evolving clinical landscape. Eur. J. Cancer 2017, 81, 116-129.
[CrossRef] [PubMed]

Fusciello, M.; Ylosmaki, E.; Cerullo, V. Viral Nanoparticles: Cancer Vaccines and Immune Modulators. Adv. Exp. Med. Biol. 2021,
1295, 317-325. [CrossRef]

Fukuhara, H.; Ino, Y.; Todo, T. Oncolytic virus therapy: A new era of cancer treatment at dawn. Cancer Sci. 2016, 107, 1373-1379.
[CrossRef]

Sasso, E.; D’Alise, A.M.; Zambrano, N.; Scarselli, E.; Folgori, A.; Nicosia, A. New viral vectors for infectious diseases and cancer.
Semin. Immunol. 2020, 50, 101430. [CrossRef] [PubMed]


https://doi.org/10.1016/S1470-2045(22)00372-2
https://www.ncbi.nlm.nih.gov/pubmed/36174631
https://doi.org/10.3389/fimmu.2022.887125
https://doi.org/10.1038/s41571-024-00902-1
https://www.ncbi.nlm.nih.gov/pubmed/38760500
https://doi.org/10.1007/s10238-023-01020-5
https://doi.org/10.1186/s12943-023-01807-w
https://doi.org/10.1080/17435889.2024.2419815
https://www.ncbi.nlm.nih.gov/pubmed/39535127
https://doi.org/10.1002/adma.202303261
https://www.ncbi.nlm.nih.gov/pubmed/37196221
https://doi.org/10.1080/21645515.2021.1921524
https://doi.org/10.1093/nsr/nwad214
https://www.ncbi.nlm.nih.gov/pubmed/37693123
https://doi.org/10.1021/acsnano.3c11637
https://doi.org/10.3389/fimmu.2022.1029069
https://www.ncbi.nlm.nih.gov/pubmed/36591226
https://doi.org/10.1001/jamaoncol.2022.5143
https://doi.org/10.1016/j.ccell.2022.08.003
https://www.ncbi.nlm.nih.gov/pubmed/36027916
https://doi.org/10.1038/s41586-018-0792-9
https://doi.org/10.1038/s41591-023-02760-3
https://doi.org/10.1038/s41586-023-06063-y
https://www.ncbi.nlm.nih.gov/pubmed/37165196
https://doi.org/10.1016/j.canlet.2020.11.041
https://doi.org/10.1172/JCI134915
https://doi.org/10.1016/j.cell.2017.01.017
https://www.ncbi.nlm.nih.gov/pubmed/28187290
https://doi.org/10.1200/JCO.2014.59.4358
https://www.ncbi.nlm.nih.gov/pubmed/25605845
https://doi.org/10.1016/j.ejca.2017.01.035
https://www.ncbi.nlm.nih.gov/pubmed/28623775
https://doi.org/10.1007/978-3-030-58174-9_14
https://doi.org/10.1111/cas.13027
https://doi.org/10.1016/j.smim.2020.101430
https://www.ncbi.nlm.nih.gov/pubmed/33262065

Pharmaceutics 2025, 17, 216 36 of 40

180.

181.

182.

183.

184.

185.

186.

187.
188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

Wu, Y.Y,; Sun, TK,; Chen, M.S.; Munir, M.; Liu, H.J. Oncolytic viruses-modulated immunogenic cell death, apoptosis and
autophagy linking to virotherapy and cancer immune response. Front. Cell Infect. Microbiol. 2023, 13, 1142172. [CrossRef]
Mathlouthi, S.; Kuryk, L.; Prygiel, M.; Lupo, M.G.; Zasada, A.A.; Pesce, C.; Ferri, N.; Rinner, B.; Salmaso, S.; Garofalo, M.
Extracellular vesicles powered cancer immunotherapy: Targeted delivery of adenovirus-based cancer vaccine in humanized
melanoma model. . Control Release 2024, 376, 777-793. [CrossRef]

Cote, G.M.; Conley, A.P; Attia, S.; Van Tine, B.A.; Seetharam, M.; Chen, Y.L.; Gafoor, Z.; Heery, C.; Pico-Navarro, C.; Adams, T. A
phase 2 study of a brachyury-targeting vaccine in combination with radiation therapy for the treatment of advanced chordoma.
Cancer 2024, 130, 3845-3854. [CrossRef] [PubMed]

Cyrelle Ornella, M.S.; Kim, ]J.J.; Cho, E.; Cho, M.; Hwang, T.H. Dose Considerations for Vaccinia Oncolytic Virus Based on
Retrospective Reanalysis of Early and Late Clinical Trials. Vaccines 2024, 12, 1010. [CrossRef]

Del Médico Zajac, M.P,; Molinari, P.; Gravisaco, M.].; Maizon, D.O.; Morén, G.; Gherardi, M.M.; Calamante, G. MVAAQOS viral
vector encoding the model protein OVA induces improved immune response against the heterologous antigen and equal levels
of protection in a mice tumor model than the conventional MVA. Mol. Immunol. 2021, 139, 115-122. [CrossRef] [PubMed]
Butterfield, L.H. Cancer vaccines. Bm;j 2015, 350, h988. [CrossRef] [PubMed]

Larocca, C.; Schlom, J. Viral vector-based therapeutic cancer vaccines. Cancer J. 2011, 17, 359-371. [CrossRef] [PubMed]

Lu, S. Heterologous prime-boost vaccination. Curr. Opin. Immunol. 2009, 21, 346-351. [CrossRef]

Skinner, M.A.; Wedlock, D.N.; De Lisle, G.W.; Cooke, M.L.M.; Tascon, R.E.; Ferraz, J.C.; Lowrie, D.B.; Vordermeier, H.M.;
Hewinson, R.G.; Buddle, B.M. The Order of Prime-Boost Vaccination of Neonatal Calves with Mycobacterium bovis BCG and a
DNA Vaccine Encoding Mycobacterial Proteins Hsp65, Hsp70, and Apa Is Not Critical for Enhancing Protection against Bovine
Tuberculosi. Infect. Immun. 2005, 73, 4441-4444. [CrossRef]

Meseda, C.A.; Elkins, K.L.; Merchlinsky, M.].; Weir, J.P. Prime-boost immunization with DNA and modified vaccinia virus ankara
vectors expressing herpes simplex virus-2 glycoprotein D elicits greater specific antibody and cytokine responses than DNA
vaccine alone. J. Infect. Dis. 2002, 186, 1065-1073. [CrossRef] [PubMed]

Park, S.H.; Yang, S.H.; Lee, C.G.; Youn, ].W.; Chang, J.; Sung, Y.C. Efficient induction of T helper 1 CD4+ T-cell responses to
hepatitis C virus core and E2 by a DNA prime-adenovirus boost. Vaccine 2003, 21, 4555-4564. [CrossRef] [PubMed]
Garcia-Hernandez, M.D.L.L.; Gray, A.; Hubby, B.; Kast, W.M. In vivo Effects of Vaccination with Six-Transmembrane Epithelial
Antigen of the Prostate: A Candidate Antigen for Treating Prostate Cancer. Cancer Res. 2007, 67, 1344-1351. [CrossRef]
Kaufman, H.L.; Cohen, S.; Cheung, K.; Deraffele, G.; Mitcham, J.; Moroziewicz, D.; Schlom, J.; Hesdorffer, C. Local Delivery of
Vaccinia Virus Expressing Multiple Costimulatory Molecules for the Treatment of Established Tumors. Hum. Gene Ther. 2006, 17,
239-244. [CrossRef]

Bezeljak, U. Cancer gene therapy goes viral: Viral vector platforms come of age. Radiol. Oncol. 2022, 56, 1-13. [CrossRef]
[PubMed]

Capone, S.; Naddeo, M.; D’Alise, A.M.; Abbate, A.; Grazioli, F.; Del Gaudio, A.; Del Sorbo, M.; Esposito, M.L.; Ammendola, V.;
Perretta, G.; et al. Fusion of HCV Nonstructural Antigen to MHC Class II-associated Invariant Chain Enhances T-cell Responses
Induced by Vectored Vaccines in Nonhuman Primates. Mol. Ther. 2014, 22, 1039-1047. [CrossRef] [PubMed]

Bots, S.T.E; Kemp, V.; Cramer, S.J.; van den Wollenberg, D.J.M.; Hornsveld, M.; Lamfers, M.L.M.; van der Pluijm, G.; Hoeben,
R.C. Nonhuman Primate Adenoviruses of the Human Adenovirus B Species Are Potent and Broadly Acting Oncolytic Vector
Candidates. Hum. Gene Ther. 2022, 33, 275-289. [CrossRef] [PubMed]

Guo, Z.S.; Lu, B.; Guo, Z.; Giehl, E.; Feist, M.; Dai, E.; Liu, W.; Storkus, W.J.; He, Y.; Liu, Z.; et al. Vaccinia virus-mediated cancer
immunotherapy: Cancer vaccines and oncolytics. J. Immunother. Cancer 2019, 7, 6. [CrossRef]

Zuo, S.; Wei, M; He, B.; Chen, A.; Wang, S.; Kong, L.; Zhang, Y.; Meng, G.; Xu, T.; Wu, ].; et al. Enhanced antitumor efficacy of a
novel oncolytic vaccinia virus encoding a fully monoclonal antibody against T-cell immunoglobulin and ITIM domain (TIGIT).
EBioMedicine 2021, 64, 103240. [CrossRef]

Yang, X.; Huang, B.; Deng, L.; Hu, Z. Progress in gene therapy using oncolytic vaccinia virus as vectors. J. Cancer Res. Clin. Oncol.
2018, 144, 2433-2440. [CrossRef] [PubMed]

Anderson, R.J.; Schneider, J. Plasmid DNA and viral vector-based vaccines for the treatment of cancer. Vaccine 2007, 25 (Suppl.
S2), B24-B34. [CrossRef] [PubMed]

Velu, T.; Ramlau, R.; Quoix, E.; Pawlicki, M.; Pless, M.; Lena, H.; Levy, E.; Krzakowski, M.; Limacher, ].-M.; Bizouarne, N. A phase
II study evaluating the clinical efficacy of TG4010 (MVA-MUCI1-IL2) in association with chemotherapy in patients with non small
cell lung cancer. . Clin. Oncol. 2005, 23, 7132. [CrossRef]

Le Chevalier, T.; Brisgand, D.; Douillard, J.Y.; Pujol, ].L.; Alberola, V.; Monnier, A.; Riviere, A.; Lianes, P.; Chomy, P.; Cigolari,
S.; et al. Randomized study of vinorelbine and cisplatin versus vindesine and cisplatin versus vinorelbine alone in advanced
non-small-cell lung cancer: Results of a european multicenter trial including 612 patients. J. Clin. Oncol. 1994, 12, 360-367.
[CrossRef] [PubMed]


https://doi.org/10.3389/fcimb.2023.1142172
https://doi.org/10.1016/j.jconrel.2024.10.057
https://doi.org/10.1002/cncr.35477
https://www.ncbi.nlm.nih.gov/pubmed/38985843
https://doi.org/10.3390/vaccines12091010
https://doi.org/10.1016/j.molimm.2021.08.004
https://www.ncbi.nlm.nih.gov/pubmed/34481269
https://doi.org/10.1136/bmj.h988
https://www.ncbi.nlm.nih.gov/pubmed/25904595
https://doi.org/10.1097/PPO.0b013e3182325e63
https://www.ncbi.nlm.nih.gov/pubmed/21952287
https://doi.org/10.1016/j.coi.2009.05.016
https://doi.org/10.1128/IAI.73.7.4441-4444.2005
https://doi.org/10.1086/344234
https://www.ncbi.nlm.nih.gov/pubmed/12355355
https://doi.org/10.1016/S0264-410X(03)00499-7
https://www.ncbi.nlm.nih.gov/pubmed/14575768
https://doi.org/10.1158/0008-5472.CAN-06-2996
https://doi.org/10.1089/hum.2006.17.239
https://doi.org/10.2478/raon-2022-0002
https://www.ncbi.nlm.nih.gov/pubmed/35148469
https://doi.org/10.1038/mt.2014.15
https://www.ncbi.nlm.nih.gov/pubmed/24476798
https://doi.org/10.1089/hum.2021.216
https://www.ncbi.nlm.nih.gov/pubmed/34861769
https://doi.org/10.1186/s40425-018-0495-7
https://doi.org/10.1016/j.ebiom.2021.103240
https://doi.org/10.1007/s00432-018-2762-x
https://www.ncbi.nlm.nih.gov/pubmed/30293118
https://doi.org/10.1016/j.vaccine.2007.05.030
https://www.ncbi.nlm.nih.gov/pubmed/17698262
https://doi.org/10.1200/jco.2005.23.16_suppl.7132
https://doi.org/10.1200/JCO.1994.12.2.360
https://www.ncbi.nlm.nih.gov/pubmed/8113844

Pharmaceutics 2025, 17, 216 37 of 40

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.

217.

218.

219.

220.

221.

222.

223.

224.

Scagliotti, G.V.; De Marinis, F.; Rinaldi, M.; Crino, L.; Gridelli, C.; Ricci, S.; Matano, E.; Boni, C.; Marangolo, M.; Failla, G.; et al.
Phase III randomized trial comparing three platinum-based doublets in advanced non-small-cell lung cancer. J. Clin. Oncol. 2002,
20, 4285-4291. [CrossRef] [PubMed]

Dietrich, P.; Kaufman, R.; Goff, B.; Mathioudakis, G.; Baudin, M.; Balloul, J.; Bourgault-Villadas, I. Inmunogenicity of a non-
replicative Vaccinia virus expressing the E6 and E7 early genes of HPV16 in patients with cervical neoplasia. J. Investig. Dermatol.
2004, 123, A108.

Harrop, R.; Hawkins, R.; Anthoney, A.; Steven, N.; Habib, N.; Griffiths, R.; Melcher, A.; Wassan, H.; Naylor, S. Open label phase II
studies of modified vaccinia ankara expressing the tumor antigen 5T4 given in conjunction with IFL and FOLFOX chemotherapy
regimens: Final analysis of safety and immunogenicity of MVA 5T4 given before, during and after chemotherapy. J. Clin. Oncol.
2006, 24, 2527. [CrossRef]

Spaner, D.E.; Astsaturov, L.; Vogel, T.; Petrella, T.; Elias, I.; Burdett-Radoux, S.; Verma, S.; Iscoe, N.; Hamilton, P.; Berinstein, N.L.
Enhanced viral and tumor immunity with intranodal injection of canary pox viruses expressing the melanoma antigen, gp100.
Cancer 2006, 106, 890-899. [CrossRef] [PubMed]

Horig, H.; Lee, D.S.; Conkright, W.; Divito, ].; Hasson, H.; LaMare, M.; Rivera, A.; Park, D.; Tine, J.; Guito, K.; et al. Phase I clinical
trial of a recombinant canarypoxvirus (ALVAC) vaccine expressing human carcinoembryonic antigen and the B7.1 co-stimulatory
molecule. Cancer Immunol. Immunother. 2000, 49, 504-514. [CrossRef]

Rosenberg, S.A.; Zhai, Y.; Yang, ].C.; Schwartzentruber, D.]J.; Hwu, P.; Marincola, EM.; Topalian, S.L.; Restifo, N.P,; Seipp, C.A,;
Einhorn, J.H.; et al. Immunizing Patients With Metastatic Melanoma Using Recombinant Adenoviruses Encoding MART-1 or
gp100 Melanoma Antigens. J. Natl. Cancer Inst. 1998, 90, 1870-1872. [CrossRef]

Nemunaitis, J.; Meyers, T.; Senzer, N.; Cunningham, C.; West, H.; Vallieres, E.; Anthony, S.; Vukelja, S.; Berman, B.; Tully, H.;
et al. Phase I Trial of Sequential Administration of Recombinant DNA and Adenovirus Expressing L523S Protein in Early Stage
Non-Small-Cell Lung Cancer. Mol. Ther. 2006, 13, 1185-1191. [CrossRef]

Chen, E; Wang, Y.; Gao, ].; Saeed, M.; Li, T.; Wang, W.; Yu, H. Nanobiomaterial-based vaccination immunotherapy of cancer.
Biomaterials 2021, 270, 120709. [CrossRef] [PubMed]

Hashemi Goradel, N.; Nemati, M.; Bakhshandeh, A.; Arashkia, A.; Negahdari, B. Nanovaccines for cancer immunotherapy:
Focusing on complex formation between adjuvant and antigen. Int. Immunopharmacol. 2023, 117, 109887. [CrossRef] [PubMed]
Qin, L.; Zhang, H.; Zhou, Y.; Umeshappa, C.S.; Gao, H. Nanovaccine-Based Strategies to Overcome Challenges in the Whole
Vaccination Cascade for Tumor Immunotherapy. Small 2021, 17, 2006000. [CrossRef]

Kim, J.-E.; Cho, M.-H. Nanomedicine in Cancer Treatment; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2014; pp. 161-188.

Zhang, Y.; Ma, S.; Liu, X.; Xu, Y.; Zhao, J.; Si, X,; Li, H.; Huang, Z.; Wang, Z.; Tang, Z.; et al. Supramolecular Assembled
Programmable Nanomedicine As In Situ Cancer Vaccine for Cancer Immunotherapy. Adv. Mater. 2021, 33, 2007293. [CrossRef]
[PubMed]

Bezbaruah, R.; Chavda, V.P; Nongrang, L.; Alom, S.; Deka, K.; Kalita, T.; Ali, F.; Bhattacharjee, B.; Vora, L. Nanoparticle-Based
Delivery Systems for Vaccines. Vaccines 2022, 10, 1946. [CrossRef] [PubMed]

Desai, N. Challenges in development of nanoparticle-based therapeutics. Aaps J. 2012, 14, 282-295. [CrossRef]

Patel, D.M.; Patel, N.N.; Patel, ].K. Nanomedicine Scale-Up Technologies: Feasibilities and Challenges; Springer International Publishing:
Berlin/Heidelberg, Germany, 2021; pp. 511-539.

Zhou, L.; Zou, M,; Xu, Y,; Lin, P;; Lei, C.; Xia, X. Nano Drug Delivery System for Tumor Immunotherapy: Next-Generation
Therapeutics. Front. Oncol. 2022, 12, 864301. [CrossRef] [PubMed]

Yadav, HK.S.; Dibi, M.; Mohammad, A.; Srouji, A.E. Nanovaccines formulation and applications-a review. J. Drug Deliv. Sci.
Technol. 2018, 44, 380-387. [CrossRef]

Dash, P.; Piras, A.M.; Dash, M. Cell membrane coated nanocarriers—An efficient biomimetic platform for targeted therapy. J.
Control. Release 2020, 327, 546-570. [CrossRef]

Guo, K,; Xiao, N.; Liu, Y,; Wang, Z.; Téth, ].; Gyenis, ]J.; Thakur, VK.; Oyane, A.; Shubhra, Q.T.H. Engineering polymer
nanoparticles using cell membrane coating technology and their application in cancer treatments: Opportunities and challenges.
Nano Mater. Sci. 2022, 4, 295-321. [CrossRef]

Liu, H.; Miao, Z.; Zha, Z. Cell membrane-coated nanoparticles for immunotherapy. Chin. Chem. Lett. 2022, 33, 1673-1680.
[CrossRef]

Zhang, L.-X,; Sun, X.-M.; Jia, Y.-B; Liu, X.-G.; Dong, M.; Xu, Z.P; Liu, R.-T. Nanovaccine’s rapid induction of anti-tumor immunity
significantly improves malignant cancer immunotherapy. Nano Today 2020, 35, 100923. [CrossRef]

Qian, Y,; Jin, H.; Qiao, S.; Dai, Y.; Huang, C.; Lu, L.; Luo, Q.; Zhang, Z. Targeting dendritic cells in lymph node with an antigen
peptide-based nanovaccine for cancer immunotherapy. Biomaterials 2016, 98, 171-183. [CrossRef]

Zhu, G.; Zhang, E; Ni, Q.; Niu, G.; Chen, X. Efficient Nanovaccine Delivery in Cancer Immunotherapy. ACS Nano 2017, 11,
2387-2392. [CrossRef] [PubMed]


https://doi.org/10.1200/JCO.2002.02.068
https://www.ncbi.nlm.nih.gov/pubmed/12409326
https://doi.org/10.1200/jco.2006.24.18_suppl.2527
https://doi.org/10.1002/cncr.21669
https://www.ncbi.nlm.nih.gov/pubmed/16404742
https://doi.org/10.1007/s002620000146
https://doi.org/10.1093/jnci/90.24.1894
https://doi.org/10.1016/j.ymthe.2006.01.013
https://doi.org/10.1016/j.biomaterials.2021.120709
https://www.ncbi.nlm.nih.gov/pubmed/33581608
https://doi.org/10.1016/j.intimp.2023.109887
https://www.ncbi.nlm.nih.gov/pubmed/36841155
https://doi.org/10.1002/smll.202006000
https://doi.org/10.1002/adma.202007293
https://www.ncbi.nlm.nih.gov/pubmed/33448050
https://doi.org/10.3390/vaccines10111946
https://www.ncbi.nlm.nih.gov/pubmed/36423041
https://doi.org/10.1208/s12248-012-9339-4
https://doi.org/10.3389/fonc.2022.864301
https://www.ncbi.nlm.nih.gov/pubmed/35664731
https://doi.org/10.1016/j.jddst.2018.01.015
https://doi.org/10.1016/j.jconrel.2020.09.012
https://doi.org/10.1016/j.nanoms.2021.12.001
https://doi.org/10.1016/j.cclet.2021.10.057
https://doi.org/10.1016/j.nantod.2020.100923
https://doi.org/10.1016/j.biomaterials.2016.05.008
https://doi.org/10.1021/acsnano.7b00978
https://www.ncbi.nlm.nih.gov/pubmed/28277646

Pharmaceutics 2025, 17, 216 38 of 40

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Reddy, S.T.; Van Der Vlies, A.J.; Simeoni, E.; Angeli, V.; Randolph, G.J.; O'Neil, C.P; Lee, LK.; Swartz, M.A.; Hubbell, J.A.
Exploiting lymphatic transport and complement activation in nanoparticle vaccines. Nat. Biotechnol. 2007, 25, 1159-1164.
[CrossRef] [PubMed]

Gutjahr, A.; Phelip, C.; Coolen, A.-L.; Monge, C.; Boisgard, A.-S.; Paul, S.; Verrier, B. Biodegradable polymeric nanoparticles-based
vaccine adjuvants for lymph nodes targeting. Vaccines 2016, 4, 34. [CrossRef]

Cai, T,; Liu, H.; Zhang, S.; Hu, J.; Zhang, L. Delivery of nanovaccine towards lymphoid organs: Recent strategies in enhancing
cancer immunotherapy. J. Nanobiotechnol. 2021, 19, 389. [CrossRef]

Hailemichael, Y.; Dai, Z.; Jaffarzad, N.; Ye, Y.; Medina, M.A.; Huang, X.-F.; Dorta-Estremera, S.M.; Greeley, N.R; Nitti, G.; Peng, W.
Persistent antigen at vaccination sites induces tumor-specific CD8+ T cell sequestration, dysfunction and deletion. Nat. Med.
2013, 19, 465-472. [CrossRef]

Grenier, P; Chénard, V.; Bertrand, N. The mechanisms of anti-PEG immune response are different in the spleen and the lymph
nodes. J. Control. Release 2023, 353, 611-620. [CrossRef]

Yang, B.; Jeang, ].; Yang, A.; Wu, T.C.; Hung, C.-F. DNA vaccine for cancer immunotherapy. Hum. Vaccines Immunother. 2014, 10,
3153-3164. [CrossRef]

Fan, Y.-N.; Li, M;; Luo, Y.-L.; Chen, Q.; Wang, L.; Zhang, H.-B.; Shen, S.; Gu, Z.; Wang, J. Cationic lipid-assisted nanoparticles for
delivery of mRNA cancer vaccine. Biomater. Sci. 2018, 6, 3009-3018. [CrossRef]

Liu, M.A. DNA vaccines: An historical perspective and view to the future. Immunol. Rev. 2011, 239, 62-84. [CrossRef]

Peng, X; Fang, J.; Lou, C.; Yang, L.; Shan, S.; Wang, Z.; Chen, Y.; Li, H.; Li, X. Engineered nanoparticles for precise targeted
drug delivery and enhanced therapeutic efficacy in cancer immunotherapy. Acta Pharm. Sin. B 2024, 14, 3432-3456. [CrossRef]
[PubMed]

Jneid, B.; Bochnakian, A.; Hoffmann, C.; Delisle, E; Djacoto, E.; Sirven, P.; Denizeau, J.; Sedlik, C.; Gerber-Ferder, Y.; Fiore, F; et al.
Selective STING stimulation in dendritic cells primes antitumor T cell responses. Sci. Immunol. 2023, 8, eabn6612. [CrossRef]
[PubMed]

Allen, TM.; Cullis, PR. Liposomal drug delivery systems: From concept to clinical applications. Adv. Drug Deliv. Rev. 2013, 65,
36—48. [CrossRef]

Rudin, C.M.; Marshall, ].L.; Huang, C.H.; Kindler, H.L.; Zhang, C.; Kumar, D.; Gokhale, P.C.; Steinberg, J.; Wanaski, S.; Kasid,
U.N.; et al. Delivery of a Liposomalc-raf-1Antisense Oligonucleotide by Weekly Bolus Dosing in Patients with Advanced Solid
Tumors. Clin. Cancer Res. 2004, 10, 7244-7251. [CrossRef] [PubMed]

Sinani, G.; Durgun, M.E.; Cevher, E.; Ozsoy, Y. Polymeric-Micelle-Based Delivery Systems for Nucleic Acids. Pharmaceutics 2023,
15,2021. [CrossRef] [PubMed]

Liu, S; Jiang, Q.; Zhao, X.; Zhao, R.; Wang, Y.; Wang, Y.; Liu, J.; Shang, Y.; Zhao, S.; Wu, T.; et al. A DNA nanodevice-based
vaccine for cancer immunotherapy. Nat. Mater. 2021, 20, 421-430. [CrossRef]

Zhou, J.; Kroll, A.V.;; Holay, M.; Fang, R.H.; Zhang, L. Biomimetic Nanotechnology toward Personalized Vaccines. Adv. Mater.
2020, 32, 1901255. [CrossRef]

Li, X,; Cai, X.; Zhang, Z.; Ding, Y,; Ma, R.; Huang, F; Liu, Y.; Liu, J.; Shi, L. Mimetic Heat Shock Protein Mediated Immune Process
to Enhance Cancer Immunotherapy. Nano Lett. 2020, 20, 4454—4463. [CrossRef]

Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined biological nanoplat-
forms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754-763. [CrossRef]

Filipovi¢, L.; Kojadinovié¢, M.; Popovi¢, M. Exosomes and exosome-mimetics as targeted drug carriers: Where we stand and what
the future holds? J. Drug Deliv. Sci. Technol. 2022, 68, 103057. [CrossRef]

Laotee, S.; Arunmanee, W. Genetically surface-modified Escherichia coli outer membrane vesicles targeting MUC1 antigen in
cancer cells. Biotechnol. Rep. 2024, 44, e00854. [CrossRef]

Ho, M.Y,; Liu, S.; Xing, B. Bacteria extracellular vesicle as nanopharmaceuticals for versatile biomedical potential. Nano Converg.
2024, 11, 28. [CrossRef]

Norouzi, P; Amini, M.; Mottaghitalab, F.; Mirzazadeh Tekie, F.S.; Dinarvand, R.; Mirzaie, Z.H.; Atyabi, F. Design and fabrication
of dual-targeted delivery system based on gemcitabine-conjugated human serum albumin nanoparticles. Chem. Biol. Drug Des.
2020, 96, 745-757. [CrossRef] [PubMed]

Xu, C.; Teng, Z.; Zhang, Y,; Yuwen, L.; Zhang, Q.; Su, X.; Dang, M; Tian, Y.; Tao, J.; Bao, L.; et al. Flexible MoS,-Embedded Human
Serum Albumin Hollow Nanocapsules with Long Circulation Times and High Targeting Ability for Efficient Tumor Ablation.
Adv. Funct. Mater. 2018, 28, 1804081. [CrossRef]

Hu, S.;Ma, ].; Su, C; Chen, Y;; Shu, Y,; Qi, Z.; Zhang, B.; Shi, G.; Zhang, Y.; Zhang, Y.; et al. Engineered exosome-like nanovesicles
suppress tumor growth by reprogramming tumor microenvironment and promoting tumor ferroptosis. Acta Biomater. 2021, 135,
567-581. [CrossRef] [PubMed]

Kroll, A.V;; Fang, RH,; Jiang, Y.; Zhou, J.; Wei, X.; Yu, C.L.; Gao, J.; Luk, B.T.; Dehaini, D.; Gao, W.; et al. Nanoparticulate Delivery
of Cancer Cell Membrane Elicits Multiantigenic Antitumor Immunity. Adv. Mater. 2017, 29, 1703969. [CrossRef] [PubMed]


https://doi.org/10.1038/nbt1332
https://www.ncbi.nlm.nih.gov/pubmed/17873867
https://doi.org/10.3390/vaccines4040034
https://doi.org/10.1186/s12951-021-01146-2
https://doi.org/10.1038/nm.3105
https://doi.org/10.1016/j.jconrel.2022.12.005
https://doi.org/10.4161/21645515.2014.980686
https://doi.org/10.1039/C8BM00908B
https://doi.org/10.1111/j.1600-065X.2010.00980.x
https://doi.org/10.1016/j.apsb.2024.05.010
https://www.ncbi.nlm.nih.gov/pubmed/39220871
https://doi.org/10.1126/sciimmunol.abn6612
https://www.ncbi.nlm.nih.gov/pubmed/36638189
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1158/1078-0432.CCR-04-0642
https://www.ncbi.nlm.nih.gov/pubmed/15534098
https://doi.org/10.3390/pharmaceutics15082021
https://www.ncbi.nlm.nih.gov/pubmed/37631235
https://doi.org/10.1038/s41563-020-0793-6
https://doi.org/10.1002/adma.201901255
https://doi.org/10.1021/acs.nanolett.0c01230
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1016/j.jddst.2021.103057
https://doi.org/10.1016/j.btre.2024.e00854
https://doi.org/10.1186/s40580-024-00434-5
https://doi.org/10.1111/cbdd.13044
https://www.ncbi.nlm.nih.gov/pubmed/28640541
https://doi.org/10.1002/adfm.201804081
https://doi.org/10.1016/j.actbio.2021.09.003
https://www.ncbi.nlm.nih.gov/pubmed/34506976
https://doi.org/10.1002/adma.201703969
https://www.ncbi.nlm.nih.gov/pubmed/29239517

Pharmaceutics 2025, 17, 216 39 of 40

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.
265.

266.

267.

268.

269.

270.

Mu, Y.; Zhang, Z.; Zhou, H.; Jin, M.; Ma, L.; Liu, B.; Ma, C,; Hu, X,; Zhang, Y.; Wang, D.-A. A biomimetic targeted nanosystem
delivering synergistic inhibitors for glioblastoma immune microenvironment reprogramming and treatment. Mater. Today Bio
2024, 28,101222. [CrossRef] [PubMed]

Liu, W.-L.; Zou, M.-Z,; Liu, T,; Zeng, J.-Y.; Li, X.; Yu, W.-Y,; Li, C.-X;; Ye, ].-].; Song, W.; Feng, J.; et al. Cytomembrane nanovaccines
show therapeutic effects by mimicking tumor cells and antigen presenting cells. Nat. Commun. 2019, 10, 3199. [CrossRef]
Olden, B.R.; Perez, C.R.; Wilson, A.L.; Cardle, LL; Lin, Y.S.; Kaehr, B.; Gustafson, ]J.A.; Jensen, M.C.; Pun, S.H. Cell-Templated
Silica Microparticles with Supported Lipid Bilayers as Artificial Antigen-Presenting Cells for T Cell Activation. Adv. Healthc.
Mater. 2019, 8, 1801188. [CrossRef]

Wang, Z.; Miao, E; Gu, L.; Zhang, R.; Ma, Y,; Li, Y;; Zheng, J.; Lin, Z.; Gao, Y.; Huang, L.; et al. Stimulator of Interferon
Genes-Activated Biomimetic Dendritic Cell Nanovaccine as a Chemotherapeutic Booster to Enhance Systemic Fibrosarcoma
Treatment. ACS Nano 2024, 18, 24219-24235. [CrossRef]

Calvo Tardén, M.; Allard, M.; Dutoit, V.; Dietrich, P-Y.; Walker, P.R. Peptides as cancer vaccines. Curr. Opin. Pharmacol. 2019, 47,
20-26. [CrossRef] [PubMed]

Ott, PA.; Hu, Z.; Keskin, D.B.; Shukla, S.A.; Sun, J.; Bozym, D.J.; Zhang, W.; Luoma, A.; Giobbie-Hurder, A.; Peter, L.; et al. An
immunogenic personal neoantigen vaccine for patients with melanoma. Nature 2017, 547, 217-221. [CrossRef]
Vazquez-Gonzalez, M.; Willner, I. Stimuli-responsive biomolecule-based hydrogels and their applications. Angew. Chem. Int. Ed.
2020, 59, 15342-15377. [CrossRef] [PubMed]

Li, J.; Yu, X,; Jiang, Y.; He, S.; Zhang, Y.; Luo, Y.; Pu, K. Second near-infrared photothermal semiconducting polymer nanoadjuvant
for enhanced cancer immunotherapy. Adv. Mater. 2021, 33, 2003458. [CrossRef]

Zeng, Z.; Zhang, C.; Li, J.; Cui, D,; Jiang, Y.; Pu, K. Activatable polymer nanoenzymes for photodynamic immunometabolic cancer
therapy. Adv. Mater. 2021, 33, 2007247. [CrossRef] [PubMed]

Lafuente-G6émez, N.; de Lazaro, I.; Dhanjani, M.; Garcia-Soriano, D.; Sobral, M.C; Salas, G.; Mooney, D.].; Somoza, A. Multi-
functional magnetic nanoparticles elicit anti-tumor immunity in a mouse melanoma model. Mater. Today Bio 2023, 23, 100817.
[CrossRef] [PubMed]

Liu, M.; Xie, D.; Hu, D.; Zhang, R.; Wang, Y.; Tang, L.; Zhou, B.; Zhao, B.; Yang, L. In Situ Cocktail Nanovaccine for Cancer
Immunotherapy. Adv. Sci. 2023, 10, €2207697. [CrossRef]

He, Q.; Jiang, X.; Zhou, X.; Weng, J. Targeting cancers through TCR-peptide/MHC interactions. J. Hematol. Oncol. 2019, 12, 139.
[CrossRef] [PubMed]

Cercek, A.; Roxburgh, C.S.D.; Strombom, P.; Smith, J.J.; Temple, L.K.F,; Nash, G.M.; Guillem, ].G.; Paty, P.B.; Yaeger, R.; Stadler,
Z.K,; et al. Adoption of Total Neoadjuvant Therapy for Locally Advanced Rectal Cancer. JAMA Oncol. 2018, 4, €180071. [CrossRef]
[PubMed]

Thivat, E.; Casile, M.; Moreau, J.; Molnar, 1.; Dufort, S.; Seddik, K.; Le Duc, G.; De Beaumont, O.; Loeffler, M.; Durando, X.; et al.
Phase I/1I study testing the combination of AGulX nanoparticles with radiochemotherapy and concomitant temozolomide in
patients with newly diagnosed glioblastoma (NANO-GBM trial protocol). BMC Cancer 2023, 23, 344. [CrossRef]

Hurria, A.; Blanchard, M.S.; Synold, T.W.; Mortimer, J.; Chung, C.T.; Luu, T.; Katheria, V.; Rotter, A.J.; Wong, C.; Choi, A,;
et al. Age-related changes in nanoparticle albumin-bound paclitaxel pharmacokinetics and pharmacodynamics: Influence of
chronological versus functional age. Oncologist 2015, 20, 37-44. [CrossRef] [PubMed]

Srikrishna, D.; Sachsenmeier, K. We need to bring RO < 1 to treat cancer too. Genome Med. 2021, 13, 120. [CrossRef] [PubMed]
Sarker, D.; Plummer, R.; Meyer, T.; Sodergren, M.H.; Basu, B.; Chee, C.E.; Huang, K.W.; Palmer, D.H.; Ma, Y.T.; Evans, TR],;
et al. MTL-CEBPA, a Small Activating RNA Therapeutic Upregulating C/EBP-«, in Patients with Advanced Liver Cancer: A
First-in-Human, Multicenter, Open-Label, Phase I Trial. Clin. Cancer Res. 2020, 26, 3936-3946. [CrossRef] [PubMed]

Rosenberg, A.J.; Agrawal, N.; Pearson, A.T.; Gooi, Z.; Blair, E.; Portugal, L.; Cursio, J.E; Juloori, A.; Chin, J.; Rouse, K.; et al.
Phase I study of nab-paclitaxel-based induction followed by nab-paclitaxel-based concurrent chemotherapy and re-irradiation in
previously treated head and neck squamous cell carcinoma. Br. J. Cancer 2022, 127, 1497-1506. [CrossRef] [PubMed]

Zanganeh, S.; Hutter, G.; Spitler, R.; Lenkov, O.; Mahmoudi, M.; Shaw, A.; Pajarinen, J.S.; Nejadnik, H.; Goodman, S.; Moseley, M.;
et al. Iron oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory macrophage polarization in tumour tissues.
Nat. Nanotechnol. 2016, 11, 986-994. [CrossRef]

Trujillo-Alonso, V.; Pratt, E.C.; Zong, H.; Lara-Martinez, A.; Kaittanis, C.; Rabie, M.O.; Longo, V.; Becker, M.W.; Roboz, G.J.;
Grimm, J.; et al. FDA-approved ferumoxytol displays anti-leukaemia efficacy against cells with low ferroportin levels. Nat.
Nanotechnol. 2019, 14, 616-622. [CrossRef] [PubMed]

Xie, P; Yang, S.T.; Huang, Y.; Zeng, C.; Xin, Q.; Zeng, G.; Yang, S.; Xia, P; Tang, X.; Tang, K. Carbon Nanoparticles-Fe(II) Complex
for Efficient Tumor Inhibition with Low Toxicity by Amplifying Oxidative Stress. ACS Appl. Mater. Interfaces 2020, 12, 29094-29102.
[CrossRef]

Rajani, K.R.; Vile, R.G. Harnessing the Power of Onco-Immunotherapy with Checkpoint Inhibitors. Viruses 2015, 7, 5889-5901.
[CrossRef]


https://doi.org/10.1016/j.mtbio.2024.101222
https://www.ncbi.nlm.nih.gov/pubmed/39296357
https://doi.org/10.1038/s41467-019-11157-1
https://doi.org/10.1002/adhm.201801188
https://doi.org/10.1021/acsnano.4c05657
https://doi.org/10.1016/j.coph.2019.01.007
https://www.ncbi.nlm.nih.gov/pubmed/30831470
https://doi.org/10.1038/nature22991
https://doi.org/10.1002/anie.201907670
https://www.ncbi.nlm.nih.gov/pubmed/31730715
https://doi.org/10.1002/adma.202003458
https://doi.org/10.1002/adma.202007247
https://www.ncbi.nlm.nih.gov/pubmed/33306220
https://doi.org/10.1016/j.mtbio.2023.100817
https://www.ncbi.nlm.nih.gov/pubmed/37822453
https://doi.org/10.1002/advs.202207697
https://doi.org/10.1186/s13045-019-0812-8
https://www.ncbi.nlm.nih.gov/pubmed/31852498
https://doi.org/10.1001/jamaoncol.2018.0071
https://www.ncbi.nlm.nih.gov/pubmed/29566109
https://doi.org/10.1186/s12885-023-10829-y
https://doi.org/10.1634/theoncologist.2014-0202
https://www.ncbi.nlm.nih.gov/pubmed/25492923
https://doi.org/10.1186/s13073-021-00940-9
https://www.ncbi.nlm.nih.gov/pubmed/34311780
https://doi.org/10.1158/1078-0432.CCR-20-0414
https://www.ncbi.nlm.nih.gov/pubmed/32357963
https://doi.org/10.1038/s41416-022-01941-0
https://www.ncbi.nlm.nih.gov/pubmed/35945244
https://doi.org/10.1038/nnano.2016.168
https://doi.org/10.1038/s41565-019-0406-1
https://www.ncbi.nlm.nih.gov/pubmed/30911166
https://doi.org/10.1021/acsami.0c07617
https://doi.org/10.3390/v7112914

Pharmaceutics 2025, 17, 216 40 of 40

271. Kohlhapp, EJ.; Kaufman, H.L. Molecular Pathways: Mechanism of Action for Talimogene Laherparepvec, a New Oncolytic Virus
Immunotherapy. Clin. Cancer Res. 2016, 22, 1048-1054. [CrossRef] [PubMed]

272. Heo, J.; Reid, T.; Ruo, L; Breitbach, C.J.; Rose, S.; Bloomston, M.; Cho, M.; Lim, H.Y.; Chung, H.C.; Kim, C.W.; et al. Randomized
dose-finding clinical trial of oncolytic immunotherapeutic vaccinia JX-594 in liver cancer. Nat. Med. 2013, 19, 329-336. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/1078-0432.CCR-15-2667
https://www.ncbi.nlm.nih.gov/pubmed/26719429
https://doi.org/10.1038/nm.3089

	Introduction 
	Cell-Based Vaccines 
	GVAX, Provenge, and Canvaxin 
	Improving Immunogenicity 
	Limitations of Monotherapy Vaccines 
	Glioblastoma Multiforme 

	Peptide and Protein Vaccines 
	Classification and Clinical Trials of Peptide Vaccines 
	Improving the Efficacy of Peptide Vaccines 
	Combination with Other Therapies 

	Nucleic Acid Vaccines 
	DNA Vaccines 
	Messenger RNA (mRNA) Vaccines 
	Clinical Outcomes in DNA and RNA Cancer Vaccines 

	Viral Vector-Based Vaccines 
	New Approaches in Vaccines Based on Viral Vectors: Heterologous Prime-Boost Vaccination 
	Types of Viral Vectors 
	Adenovirus Vectors 
	Poxvirus Vectors 

	Clinical Advances in Viral Vector Cancer Vaccines 

	Nanovaccines 
	Efficiency of Nanovaccines in Activating the Immune System 
	Nanovaccine-Based Systems 
	Nanovaccines for Nucleic Acid Delivery 
	Biomimetic Nanovaccines 
	Nanovaccines for Peptide Delivery 

	Clinical Trials in Nanovaccines for Cancer 

	Conclusions and Future Directions 
	References

