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Abstract

Personalized cancer vaccines represent a promising advancement in cancer immunotherapy, designed to target
tumor-specific mutations unique to individual patients. By stimulating a tailored immune response, these vaccines
aim to enhance antitumor immunity while minimizing off-target effects. However, cancer is a complex disease, and
single-modality treatments often face challenges such as immune evasion and tumor heterogeneity. To address these
limitations, personalized cancer vaccines are increasingly being explored in combination with other therapeutic strategies,
including immune checkpoint inhibitors, cytokine therapies, oncolytic viruses, and traditional chemotherapies. This
review provides a comprehensive overview of the current status of personalized cancer vaccines, focusing on their
development, clinical trials, and early outcomes. It also discusses the synergistic potential of combination therapies,
offering insights into how these strategies could overcome immunosuppressive tumor microenvironments and improve
patient outcomes. Finally, we explore future prospects, addressing challenges such as vaccine production, patient
selection, and regulatory frameworks to outline the path forward for the successful integration of personalized vaccines

into standard oncological care.
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Introduction

Immunotherapy is a treatment that uses the body’s
immune systems to fight diseases, especially cancer.
It works by enhancing the immune system’s ability to
identify and destroy abnormal cancer cells. Different
types of immunotherapy include monoclonal antibodies,
checkpoint inhibitors, cytokines, and cancer vaccines,
each targeting specific aspects of the disease or boosting
the immune response in many ways [1]. Cancer
immunotherapy builds on the principle to specifically
target and eradicate cancerous cells. Unlike traditional
treatments like chemotherapy and radiation, which kill
cancer cells directly and tend to affect healthy cells as
well, cancer immunotherapy aims to enhance the immune
system’s natural ability to fight cancer. This approach
includes various methods. Monoclonal antibodies are a
type of targeted drug therapy. These drugs target and bind
to specific proteins on cancer cells. Similarly, checkpoint
inhibitors, such as PD- 1/PD-L1 inhibitors (e.g.,
nivolumab, pembrolizumab), work by blocking inhibitory

signals that prevent immune cells from attacking cancer
cells, allowing the immune system to target and kill
tumors. For instance, pembrolizumab has demonstrated
improved survival rates in patients with non-small cell
lung cancer (NSCLC), where overall survival increased
by 40% in comparison to standard chemotherapy [2].

Cancer vaccines aim to help an individual’s immune
system recognize cancer antigens and attack and destroy
the cancer cells that have them [3]. Checkpoint inhibitors
are a type of immunotherapy that blocks proteins that
stop the immune system from attacking the cancer cells
[4]. Adoptive cell therapies, including CAR-T (Chimeric
Antigen Receptor T-cell) therapy, represent another
promising advancement. This approach modifies a
patient’s own T cells to express a receptor that recognizes
and targets tumor-specific antigens. CAR-T therapies
have already shown impressive results, especially in
hematologic cancers like leukemia and lymphoma, where
complete response rates exceed 80% in certain patient
populations [5].

By focusing on boosting an individual’s immune
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response or altering how the immune system interacts
with cancer cells, cancer immunotherapy represents
a significant advancement in the fight against cancer,
offering more targeted, effective, and personalized
treatment options [6]. Personalized cancer vaccines are
a tailored approach to immunotherapy designed to target
the unique characteristics of an individual’s cancer. Unlike
standard cancer vaccines, which aim to provoke a broad
immune response against common cancer antigens,
personalized vaccines are customized based on the specific
mutations and neoantigens present in a patient’s tumor [ 7].

They operate in the following manner: a tumor sample
is collected and sequenced to identify specific genetic
mutations or neoantigens expressed by the cancer cells.
Based on this analysis, a vaccine is developed to include
these unique antigens or mutated proteins. The vaccine
aims to stimulate the immune system to recognize and
attack cells that express these specific markers. The
personalized vaccine is administered to the patient,
prompting the immune system to target and destroy
cancer cells that carry identified antigens. The patient
undergoes monitoring, evaluation, close follow-up, and
maintenance with education and support. The data is
collected, analyzed, and integrated with other therapies
[7,8]. Personalized cancer vaccines offer the advantage
of targeting the specific characteristics of an individual’s
cancer, increasing the effectiveness of the treatment, and
minimizing damage to healthy cells. This approach shows
potential for improving outcomes in cancer therapy by
providing a more specific and precise method of exploiting
the immune system against cancer [9].

Cancer’s ability to evolve and become resistant to
treatment is one of the biggest concerns that arises today
when creating effective cancer therapies. It has been shown
that combination therapy works better than monotherapy
because it targets key pathways in a way that is more likely
to work together, covers more areas, reduces side effects
by using lower doses of each drug or therapy together, and
lowers resistance. Cancer cells may develop resistance
to one treatment, but combining treatments can make it
harder for the cells to survive [10,11].

The objective of this literature review is to offer
a comprehensive and detailed understanding of the
incorporation of personalized cancer vaccines in
combination therapy regimens. This review aims to
evaluate the present situation of customized cancer
vaccines and focuses on their role in enhancing the efficacy
of combination therapies. It seeks to provide a thorough
discussion of how personalized vaccines are developed
and used alongside other treatment modalities, like
chemotherapy, targeted therapies, and immunotherapies,
and to assess their overall impact on treatment outcomes
and patient quality of life. This review aims to identify
the current strengths, limitations, and clinical implications
of these combined approaches by examining recent
advancements and ongoing research.

Review
Overview of Customized Cancer Vaccines

Dendritic cells are a type of antigen-presenting cells
(APCs) that effectively stimulate T and B lymphocytes.
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They have both MHC (Major Histocompatibility
Complex) class I and II on their surface, through which
they activate cytotoxic T lymphocytes and T helper cells,
respectively. When tumour antigens are present in the
body, immature dendritic cells first find them, process
them, show the MHC-antigen complex on their surface,
and activate cytotoxic T-cell responses. Dendritic cells
stimulate T and B lymphocytes by presenting antigens and
play a crucial role in antitumor immunity. Cytotoxic T-
cells by themselves cannot recognize tumour neoantigens
due to the immunosuppressive tumour microenvironment
[12].

By activating natural killer cells and cytotoxic T-cells
that target tumour cells, dendritic cell vaccines aim to
enhance both innate and adaptive immunity against
tumours. A systematic review by Anguille et al. in 2014
showed that dendritic cell vaccination therapy had an
objective response rate of 8.5% in melanoma patients,
which was similar to dacarbazine, 7.1% in prostate cancer,
15.6% in malignant glioma, and 11.5% in advanced
renal cell carcinoma. This study also highlighted the
dissociation between the objective response rate and the
survival benefit achieved by dendritic cell vaccination
in solid cell tumours, indicating the need for alternative
endpoints in assessing the efficacy of immunotherapies
[13]. The steps used in preparing dendritic cell vaccines are
the collection of dendritic cells, cell maturation, antigen
loading, injection procedures, and immune and clinical
response monitoring. Improving vaccine formulation
protocols and combining the vaccine with other
immunotherapeutic agents can enhance the efficiency of
dendritic cell vaccines. Mature dendritic cells are more
effective in activating cytotoxic T-cell and generating an
immune response compared to immature dendritic cells.
Using a single tumour antigen or antigens that do not
effectively stimulate the immune system results in an
ineffective vaccine formulation. We should use highly
immunogenic tumour antigens for antigen loading [14].

Neoantigen Vaccines

Tumour-associated antigens are the proteins expressed
by tumour cells in higher quantities, but they are present
in normal tissues as well. Tyrosinase and HER2 are some
of the examples. Therapies targeting tumour-associated
antigens were unable to produce a satisfactory clinical
effect compared to the standard therapies. Neoantigens,
in contrast, are proteins expressed only in cancer cells and
they are produced by somatic mutations. Only tumour
cells express these proteins, demonstrating their high
immunogenicity, effective binding to MHC complexes,
and improved safety profiles. Neoantigens are used to
make synthetic long peptide vaccines, RNA vaccines,
DNA vaccines, or dendritic cell vaccines [15]. The
identification of neoantigens has become easier now with
the rapid development of bioinformatics and sequencing
technology, including whole-genome sequencing and
whole-exon sequencing. The first step in neoantigen
identification is comparing the whole genomes of
normal cells and tumor cells. We identify mutated DNA
sequences, and whether these mutated sequences form
tumour neoantigens depends on many factors, such as the
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mutated sequence’s translation ability, the processing of
the formed protein into peptides and their presentation
through MHC complexes, the affinity of the mutated
peptides to MHC molecules, and their further interaction
with cytotoxic T cells [16].

Neoantigens are of two types: shared and personalized.
Shared neoantigens are proteins expressed by a specific
tumor type and are common among certain tumor types/
patients, whereas personalized neoantigens are specific
to an individual [17]. Tumour heterogeneity refers to
the presence of a diverse set of cancer cells within the
same tumour or between different tumours in the same
patient. This means all the cancer cells do not express
the same neoantigens and eliminating cells expressing
one neoantigen may lead to overgrowth of other
cells expressing different neoantigens. This warrants
targeting multiple neoantigens in a single vaccine for
complete tumour eradication [18]. In a clinical trial, Ott
et al. demonstrated a significant T-cell response against
neoantigens used in vaccinating melanoma patients [19].

Peptide Vaccines

The cytotoxic T-cell response is crucial for suppressing
tumour growth. For sustained and enhanced cytotoxic
T-cell response, T-helper cell activation is also necessary.
So ideally, a highly immunogenic peptide molecule should
have epitopes to activate both these cells. The whole
protein is beneficial for vaccination because it contains
multiple epitopes that stimulate both CD4 and CDS cells.
However, because these proteins are self-antigens, the

thymus may have deleted the T cells that attack them
during the developmental process. Rationally designed
peptide vaccines containing multiple epitopes combined
with an appropriate adjuvant are the key to creating a
better vaccine [20].

DNA/RNA-Based Vaccines

DNA and RNA vaccines are gene-based vaccines. The
DNA vaccines deliver genes encoding various tumour
antigens via plasmids. Different delivery strategies, such
as sonoporation, electroporation, gene gun, or DNA
tattooing, transfer these plasmids into the nucleus. MHC
complexes express the antigen in the nucleus, transfer it
to the cytosol, and present it to the immune cells. DNA
vaccines failed in clinical trials for a number of reasons,
including not being able to stimulate the immune system,
T-cells getting tired, and the production of cytokines that
weaken the immune system. Animal models find that
chimeric DNA vaccines coding xenogeneic antigens are
more effective than autologous antigens [21].

The development process of personalized cancer
vaccines from tumor profiling to vaccine formulation is
shown in Figure 1.

To explain the meaning of combined therapy, it
involves combining a personalized cancer vaccine,
specifically tailored to the targeted antigens, with various
treatment regimes such as radiotherapy and chemotherapy
to improve patient outcomes. This approach involves the
use of specifically designed vaccines in conjunction with
various strategies such as targeted therapies, immune
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Figure 1. The Development Process of Personalized Cancer Vaccines from Tumor Profiling to Vaccine Formulation.
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checkpoint inhibitors, or conventional treatments. The
implementation of such combined regimes has numerous
effects, including but not limited to improved immune
system activation and overcoming tumour resistance.
Additionally, they address the various biological aspects
of cancer [22].

Combination Therapies
Combination with Immune Checkpoint Inhibitors

Checkpoint inhibitors have now made cancer
immunotherapy useful in clinical practice [23]. They are
known to improve the survival rates for various types of
cancer, including metastases [24]. There are specialized
immune cells that are very important for triggering
an immune response; they are known as dendritic
cells [25,26]. We use these to create cancer vaccines.
Dendritic cells directly activate new T cells and thereby
help in strengthening immune memory against some
tumor - related proteins in cancer cells. Checkpoint
inhibitors further enhance the immune response that the
vaccine triggers against tumors. Some drugs such as
Pembrolizumb and Ipilimumab are currently testing this
approach [27-30].

Combining a cancer vaccine (like GVAX) with anti-
CTLA-4 checkpoint inhibitors yields better results in
mouse models of melanoma and prostate cancer. Give
anti-CTLA-4 checkpoint inhibitors after the vaccine to
ensure its effectiveness; administering it too early could
hinder its ability to effectively target T cells. Some of the
cancer vaccines, like DNA- or peptide-based ones, work
by directly targeting dendritic cells in the lymph nodes.
However, due to varying levels of antigen expression,
these vaccines may not be effective in all patients [28].
In the CT26 mouse model of colorectal cancer, the
combination of GVAX with dual PD-1 and CTLA-4
checkpoint inhibitors resulted in all the mice rejecting
their tumors [29]. People often combine these vaccines
with other treatments like chemotherapy to enhance their
effectiveness. Hence, this combination approach is now
considered the best for making cancer vaccines more
effective [31].

Combination with Targeted Therapies

Targeted therapies have the principle of blocking
specific processes or some abnormal proteins that tumors
require for their survival [32]. They slow the growth of
tumors, resulting in shrinkage [33]. The important proteins
include epidermal growth factor receptors (EGFR),
BRAF, KIT, HER2, and ALK [34]. Clinical trials in phase
1l have also demonstrated the success of Sipuleucel-T and
Ipilimumab [23]. Ipilimumab is a monoclonal antibody
with a short-term response; hence, the disease might
recur after a period of time [35]. Research has developed
pathways that tumours use to grow and survive, which
can aid in the development of targeted drug therapy [34].
Trastuzumab and Cetuximab are the monoclonal bodies
that target HER2 and EGFR receptors [36]. By forming
immune complexes, these antibodies also enhance the
presentation of tumour antigens [37, 38].

Targeted therapies have the potential to enhance
immune responses, but they can also lead to
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immunosuppressive responses. For instance, HSP90
inhibitors have the potential to destroy tumours by
enhancing MHC class L presentation, but they can also
hinder the process by reducing the activity of dendritic
cells and macrophages [39, 40]. Combining therapies also
raises the question of whether they can enhance anti-tumor
effects without increasing dangerous side effects. For
instance, hypophysitis is a side effect of Ipilimumab [41].

Combination with Chemotherapy

Various cells and processes are responsible for a
successful immune response to a cancer vaccine, which
can also interact with chemotherapy in many ways
[42]. Dendritic cells first process the antigen when it
enters and present it to the T cells with the help of MHC
molecules, thereby activating both CD4+ and CD8+
T cells. Then they destroy tumour cells with the help
of certain cytokines and antibodies. Chemotherapy is
helpful in enhancing this immune response [43]. The
primary problem with chemotherapy is that it weakens
the immune response, making patients more susceptible
to infections [44].

Mostly, chemotherapy drugs cause mild lymphopenia
or none [45]. Some chemotherapy drugs could also
increase beneficial cytokines, thereby helping reduce
the size of the tumor [46]. Alkylating agents, such as
Cyclophosphamide and Busulfan, can stop cell growth
before or after it is exposed to an antigen. Antimetabolites,
such as 6-Mercaptopurine and Methotrexate, can stop
cell growth after an antigen has been activated [47, 48].
Some of the studies suggest that Cyclophosphamide
and Paclitaxel work well if given before the vaccine
[49]. Researchers have proven that cyclophosphamide
reduces the immune response of a cancer vaccine when
administered after or at the same time as vaccination,
but Paclitaxel is only effective when administered before
the vaccine [50]. There is only limited data proving the
effectiveness of immunotherapy and chemotherapy when
combined [51].

Combined with Radiotherapy

About 70% of cancer patients opt for radiotherapy as
a common treatment regime. Radiotherapy (RT) works
by causing irreversible changes to the DNA of cancer
cells in the targeted tissue, thereby controlling tumour
growth. Over the years, there have been many significant
advancements in RT [52, 53]. However, RT can also
stimulate specific immune cells, leading to the release
of substances such as myeloid-derived suppressor cells
(MDSCs), regulatory T-cells (Tregs), M2-like tumour-
associated macrophages (M2-like TAMs), N2 neutrophils,
and immunosuppressive cytokines like TGF-b and IL-10.
These substances suppress the immune system and create
an increasingly immune-suppressed area around the
tumour [54, 55]. One of the major issues in the current
research area is the inadequate response of tumours to
radiation therapy, which can be attributed to low oxygen
levels in certain areas of the tumour [56].

In contrast to the other disease prevention vaccines,
the goal of the tumour vaccine is to enhance the response
of tumour-specific T-cells for targeted action on tumour
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cells and therefore tumour control. This type of targeted
response makes the tumour vaccine a promising option
for cancer treatment [57, 58]. Most of the current tumor
vaccines, by themselves, cannot fully eliminate tumors
because a good immune response requires CD4+ T cells,
tissue-resident memory T cells (TRM), and other immune
cells in addition to CD8+ cells. Most of the current tumour
vaccines lack the ability to produce such a response
and primarily target only CD8+ T cells. Therefore, a
combination of tumour vaccines with other treatment
modalities like radiotherapy can aid in the enhancement of
the efficacy of vaccines. The targeted use of radiotherapy
increases the expression of certain key molecules on
tumour cells, making them more receptive to the vaccines
and hence boosting the immune response and overall
outcome [59-61].

Enhancing Immune Responses

Many cancer drugs alter the properties of tumors,
making them more susceptible to the actions of immune
cells. These drugs work by impairing DNA or altering the
idiosyncrasy of the tumor [62, 63]. Chemotherapy drugs
can alter the immune system in many ways. A few of these
drugs include 5-FU, topoisomerase inhibitors, platinum
compounds, gemcitabine, and taxanes [64-66]. The
immune system damages the cancer cells while sparing the
surrounding unaffected tissue and cells, which opens up
the possibility of cancer vaccines as a viable and promising
treatment. There have been limitations on the clinical
success of such vaccines; however, recent studies have
identified methods to increase the efficacy of vaccines and
overcome the immune suppression by using chemotherapy
drugs alongside vaccines. These drugs render the cancer
cells more susceptible to the action of the immune system
and thereby have a significant potential for improving the
outcome of vaccine use [67].

combination with
immune check point

inhibitors

Overcoming Resistance

When single treatments are applied, tumours can
become resistant, leading to increased heterogeneity in
patients and disease, which limits the available treatment
modalities and increases the possibility of worse
outcomes. This raises the need to use treatment regimes
and strategies that can tackle the many different aspects
of cancer simultaneously. One such modality is the use
of effective combination therapies that target the specific
genetic as well as epigenetic details of the tumour cells.
The effectiveness of vaccines depends on various factors
like inhibitory molecules, T-cell metabolism, and immune
cells. Despite the challenging tumour environment, we can
significantly enhance the effective response of vaccine-
stimulated T-cells by adjusting these factors. Identification
of reliable biomarkers, standardisation of side effect
monitoring, and precise understanding of timing, dosage,
and administration are crucial for achieving a favourable
outcome of the treatment [31].

The cancer cells have the ability to develop resistance
to the treatments. A variety of available drugs can provide
relief'to patients with metastatic cancer, but frequently, they
cannot completely treat the disease due to the development
of resistance. Beyond the resistance to the administered
drug, cancer cells can also develop resistance to other
drugs, even those with different mechanisms of action
[68]. One of the major drawbacks of cancer treatment
is the development of resistance to chemotherapy and
radiotherapy due to problems with cell death processes
[69]. The standardized treatment regimes can target most
cancer cells, whereas those with high levels of specific
antigens are unaffected. Vaccine-activated T-cells can
effectively target these unaffected cells. A combination
therapy can therefore be more efficacious instead of a
single treatment plan, improving the overall outcome [70].

Figure 2 is representing the synergistic effects of
personalized cancer vaccines with other therapeutic

Figure 2. Synergistic Effects of Personalized Cancer Vaccines with Other Therapeutic Modalities. Image Credits:

Hana Khan Ghori and Shreya Kattela
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modalities.

The Current Status of Personalized Cancer Vaccines in
Combination Therapies
Recent Clinical Trials and Studies

Personalized cancer vaccines, particularly those
targeting neoantigens, have emerged as a transformative
approach in oncology, offering the potential to generate
highly specific and individualized immune responses.
Neoantigens, which are tumour-specific antigens
arising from mutations, are not present in normal cells,
making them ideal targets for cancer immunotherapy.
Recent clinical trials have underscored the potential
of personalized vaccines when combined with other
therapies, such as immune checkpoint inhibitors (ICIs),
chemotherapy, and radiation therapy. These combination
approaches aim to enhance the immune system’s ability
to detect and destroy cancer cells by addressing the
tumor’s complex immune evasion mechanisms. For
example, mRNA-based neuroantigen vaccines mixed with
ICIs, like anti-PD-1 or anti-CTLA-4, have been shown
to help people with melanoma. In these trials, patients
demonstrated improved immune responses, with some
achieving partial or complete tumour regression. However,
the efficacy of these vaccines is variable across different
cancer types, and response rates remain suboptimal in
more complex malignancies like pancreatic and colorectal
cancers. This variation suggests the need for further
optimization of vaccine design, antigen selection, and
combination strategies to improve therapeutic outcomes
[57].

Key Clinical Trials

Several key clinical trials have been instrumental
in advancing our understanding of personalized cancer
vaccines in combination with other therapies. BioNTech’s
Phase 1 trial of BNT122, a personalised mRNA vaccine,
in combination with ICIs for patients with advanced
melanoma is one such trial. This trial demonstrated
encouraging early outcomes, with some patients
achieving durable responses, indicating the potential of
this combination to boost the immune response against
cancer. Additionally, trials exploring the synergy of mRNA
vaccines and immune checkpoint blockades have shown
enhanced T cell activation, increased tumor infiltration
by effector T cells, and, in some cases, significant
tumor regression. Beyond melanoma, other trials have
tested similar combinations in lung cancer and renal
cell carcinoma, with varying degrees of success. These
early trials show how complicated the relationship is
between the body’s immune system and cancer. They
also suggest that while using vaccines and ICIs together
shows promise, the best treatment plan may be different
for different types of cancer and for each patient [71].

Outcomes and Efficacy Data

Clinical trials combining personalized cancer vaccines
with ICIs have produced mixed, but promising results.
Some studies, like those that used neoantigen vaccines
along with PD-1 inhibitors, found strong T cell responses
that were specific to the neoantigens. However, clinical
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benefits, such as significant tumour shrinkage, have been
inconsistent across patients and cancer types. In a trial
for melanoma patients, a subset of individuals exhibited
durable tumour regression, yet many did not respond to
the treatment, underscoring the challenges of tumour
heterogeneity and immune escape mechanisms. Trials
focusing on other cancer types, such as non-small-cell
lung cancer (NSCLC), have shown that combining
personalized vaccines with ICIs can induce an immune
response, but the correlation between immune activation
and clinical outcomes remains unclear. These findings
indicate that while personalized vaccines can effectively
prime the immune system, their success in controlling
cancer may depend on additional factors, including the
tumor’s immunogenicity and its microenvironment [72].

Case Studies

A notable Phase 1 case study involving a patient
with metastatic melanoma demonstrated the potential
of combination therapy. In this case, a neoantigen-based
mRNA vaccine combined with an anti-PD-1 checkpoint
inhibitor resulted in disease stabilization for over 12
months, a significant outcome for such an advanced-stage
cancer. However, many patients in the same trial did not
achieve the same benefit, highlighting the variability
in patient responses and the importance of identifying
predictive biomarkers for response to therapy. This case
study emphasizes the need for improved patient selection
criteria, possibly based on factors such as tumor mutational
burden (TMB) and pre-existing immune infiltration [73].

Approved and Experimental Combination Therapies

Currently, Sipuleucel-T, an autologous cellular
vaccine, remains one of the few cancer vaccines approved
by the FDA for use in prostate cancer. Its success in
improving survival when combined with standard
treatments underscores the potential of immunotherapy in
cancer. In contrast, clinical trials are testing experimental
personalised cancer vaccines, particularly mRNA-based
vaccines, in combination with ICIs, chemotherapy,
and radiation for cancers like melanoma, NSCLC, and
glioblastoma. These combination approaches aim to elicit
stronger and more durable immune responses than either
therapy alone [74].

Challenges and Limitations

Despite the promising potential of personalized
cancer vaccines, significant challenges remain.
Tumour heterogeneity, which refers to the diversity
of mutations within a tumour, makes it difficult to
identify a comprehensive set of neoantigens for vaccine
development. Additionally, the suppressive tumor
microenvironment, characterized by regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and
inhibitory cytokines, presents a substantial barrier to the
effectiveness of both vaccines and ICIs. Researchers have
proposed tumour mutational burden (TMB) as a predictor
of response, but its correlation with clinical outcomes is
not always straightforward, which complicates patient
selection for personalised therapies [75].
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Safety and Adverse Effects

Personalized cancer vaccines, particularly those used
in combination with ICls, are generally well-tolerated,
but adverse effects can occur. The most common side
effects include injection site reactions and mild flu-
like symptoms. Reports have indicated the occurrence
of more severe immune-related adverse events, like
cytokine release syndrome (CRS) and autoimmune
reactions, especially in cases of excessive immune
system activation. There are limited long-term safety
data, and the risk of autoimmune disorders continues to
be a concern, particularly for combination therapies that
further stimulate the immune system [73].

Cost and Accessibility

One of the major limitations of personalized cancer
vaccines is their high cost, driven by the individualized
nature of their treatment. The process involves sequencing
the patient’s tumour, identifying neoantigens, and
manufacturing the vaccine-a time-consuming and
expensive process. When combined with ICIs, which
are themselves costly, the overall expense of treatment
becomes prohibitive, particularly in low-resource settings.
Addressing these financial barriers is critical to making
these therapies more accessible to a broader population
of cancer patients [75].

Regulatory Hurdles

Regulatory approval for customized cancer vaccines
presents significant challenges. The application of the
traditional drug approval pathway, which relies on
large-scale, standardised trials, is challenging due to the
tailored nature of each vaccine for each patient. Moreover,
establishing consistent manufacturing practices and
demonstrating the reproducibility of vaccine efficacy
across different patient populations are additional hurdles.
Large-scale trials and the accumulation of long-term
safety and efficacy data will be essential to overcome
these regulatory challenges [18]. Table 1 is depicting
the summary of current approved and experimental
combination therapies for personalised cancer vaccines.

Sipuleucel-T (Provenge®), the only personalised
cancer vaccine approved by the FDA for prostate cancer,
has shown a small increase in survival rates. mRNA-
4157 + Pembrolizumab has shown significant immune
responses in unresectable solid tumours, suggesting
potential when combined with immune checkpoint
blockade. BNT122 + Atezolizumab is being studied for
colorectal cancer, but the trial results have not yet been
released. NEO-PV-01 + ICI has shown some efficacy
across a number of solid tumours, with a 13% conversion

rate from disease progression to response, highlighting
the potential for personalised vaccines used with ICIs.

Mechanism of Action of Personalised Cancer Vaccines

Personalised cancer vaccines aim to specifically
target the tumour cells of that patient by focusing on
antigens that are unique or overexpressed in their cancer
cells. Tumor antigens and a potent adjuvant capable of
directly stimulating T-cells combine to prepare these
vaccines. To create a unique ‘cancer vaccine’ that boosts
the patient’s immune system to attack specific tumour
antigens, researchers take a tumour biopsy from the patient
for whole-exome and RNA sequencing. Intra-tumoural
dendritic cells identify the vaccine containing neoantigens,
prime naive T cells to kill antigen-specific tumour cells,
release more antigens, and further enhance the immune
response [76]. The immunological mechanism involved
in this process involves the presentation and recognition
of immunogenic tumour antigens by antigen-presenting
cells (APCs), their recruitment, maturation, and interaction
with the adaptive immune system. This interaction primes
and activates cytotoxic T-cells, leading to tumour cell
death and immunological memory [75-78]. These cells
aid in long-term surveillance and can identify and respond
to tumour cells if they reappear. They stimulate both
innate and adaptive immune responses with the use of an
adjuvant and antigen, respectively [78]. Antigen selection
for the development of vaccines is the most important
and critical step. Next-generation sequencing aids in this
process by identifying neo-antigens [79]. The antigens
presented by the tumor cells could be tumor-associated
or tumor-specific. Enhancing antigen presentation and
T cell activation in cancer vaccines is a crucial area of
research. Adjuvants, improved antigen formulations,
dendritic cell vaccines, genetic modification of tumour
cells, and immune checkpoint inhibitors can enhance
antigen presentation [80].

Interaction with Immune Checkpoint Inhibitors
Combining cancer vaccines with checkpoint inhibitors
can activate T cells by overcoming the immunosuppressive
tumour microenvironment. Tumour cells contain a protein
(PD-L1) that binds to its corresponding protein (PD-1) on
T-cells (immune checkpoints), thereby suppressing the
immune response. Immune checkpoint inhibitors (ICI)
prevent the tumour protein from binding to the T-cell
receptor, thereby triggering a T-cell-mediated immune
response against the tumour cell. But many cancer
patients, due to their immunocompromised nature, do
not show an effective response with immune checkpoint
inhibitors. Therefore, researchers proposed the synergistic

Table 1. Current Approved and Experimental Combination Therapies

Therapy Name Type

Targeted Cancer

Combination Outcomes

Sipuleucel-T (Provenge) Approved Prostate Cancer None 4.1 months survival benefit

mRNA-4157 + Pembrolizumab Experimental ~ Unresectable solid Pembrolizumab Immune response observed in 60% of
tumors patients

BNT122 + Atezolizumab Experimental Colorectal cancer Atezolizumab Trial ongoing, results pending

NEO-PV-01 + Immune Checkpoint  Experimental  Various solid tumors  Immune Checkpoint 13% conversion rate from progression

Inhibitor (ICI) Inhibitor (ICI) to response
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use of personalised cancer vaccines and immune
checkpoint inhibitors [81]. Researchers propose combined
therapy for patients with advanced cancer, especially
those with multiline therapy, multiple drug resistance,
and immune deficiency [75]. Cancer vaccines enhance the
body’s immune system by increasing the effector T-cell,
leading to T-cell infiltration into the tumors Additionally,
the increased number of T-cells leads to an increase in
immune checkpoints, providing opportunities for the ICI
to act and trigger an effective T-cell response. Several
studies, including those by Karyampudi et al. [82], Li et al.
[27], and Soares et al. [83], have shown that combination
therapy works in breast, colon, and pancreatic cancer,
respectively. Figure 3 is showing the interaction between
personalized cancer vaccines and immune checkpoint
inhibitors within the tumor microenvironment.

The Role of the Tumour Microenvironment

Tumour microenvironment (TME) includes a
variety of non-cancerous cells, molecules, and structural
components that interact with tumour cells and form an
effective barrier, thereby protecting the tumour cell from
host immune response. Understanding the role of the
TME in cancer vaccines is crucial for designing effective
immunotherapies. There are a lot of T regulatory cells
(Tregs) and myeloid-derived suppressor cells (MDSCs)
in the TME. These cells create an immunosuppressive
environment by stopping effector T cells from activating.
This means that cancer vaccines don’t work. The TME
also helps the tumour grow and spread by getting into
the bloodstream and surrounding tissues by changing the
extracellular matrix and releasing proteolytic enzymes
[84]. It can also develop resistance to therapies by altering
drug delivery, promoting repair pathways, and inducing
adaptive resistance mechanisms [85].

Modifying the tumour microenvironment, improving
vaccine delivery, and using combination therapies can
evade the challenges faced by TME. Anti-angiogenic
drugs, antitumor inflammatory drugs, or hypoxia
inhibitors can modify TME and improve the overall
outcome [86]. Checkpoint inhibitors, like anti-PD-1/PD-
L1 or anti-CTLA-4, and immunomodulators, which target
Tregs or MDSCs and make vaccines work better, are both
parts of combination therapy [87]. Using nanoparticles
in vaccines and target delivery systems could help get
around the problems that TME causes and make vaccines

work better [88].

Future Prospects and Innovations in Personalized Cancer
Vaccines
Advances in Genomic and Proteomic Technologies

The growth of genomic and proteomic technologies
has been essential for developing personalized cancer
vaccines. These tools allow researchers to sequence
tumors and identify neoantigens, which are unique
mutations found only in cancer cells. By targeting these
specific molecules, vaccines can stimulate a patient’s
immune system to mount a precise and effective attack
against cancer, reducing the risk of off- target effects. The
NeoVax peptide vaccine is a good example. It has shown
promise in clinical trials for glioblastoma by improving the
immune response through targeted neoantigen recognition
[89].

Novel Adjuvants and Delivery Systems

DNA origami-based vaccines, among other new
vaccine delivery systems, offer precise control over the
delivery of antigens and adjuvants to immune cells. For
instance, the DoriVac platform arranges CpG adjuvants in
a pattern that optimizes immune cell activation, leading
to stronger and more targeted anti- tumour responses.
These innovations not only improve vaccination efficacy
but also minimize the toxic side effects associated with
traditional adjuvants. These systems have shown success
in preclinical models, where vaccines based on DNA
origami improved tumor suppression in both melanoma
and lymphoma mice [90].

The Integration of Artificial Intelligence and Machine
Learning

Al and ML technologies are becoming integral to the
design of personalized cancer vaccines. They facilitate the
prediction of neoantigens that are most likely to trigger
an immune response, accelerating vaccine development
and improving clinical outcomes. Al algorithms can
also analyze patient data and tailor treatment protocols
dynamically, enhancing vaccine effectiveness by selecting
biomarkers that predict immune responses [89, 90]. As
researchers refine these tools, Al-driven platforms will
play a crucial role in personalizing vaccines and predicting
therapeutic responses more accurately [89].

Immune checkpoint inhibitors (ICI)

enhances the efficacy of cancer vaccine |

Y

l Cancer vaccine personalized to patients tumor cell

Unable to elicit the desired

l

response due to exhausted T-cells

1. Promotes T-cell infiltration in tumor cell

2. Increases the number of T-cells, increasing
effectiveness of ICls

3. In combination, produces effective antitumor immune

response

Figure 3. The Interaction between Personalized Cancer Vaccines and Immune Checkpoint Inhibitors within the tumor
microenvironment. Image Credits: Maahin Parvez and Sarojini Posani
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Emerging Biomarkers for Response Prediction

Biomarkers are pivotal in monitoring how patients
respond to cancer vaccines and adjusting treatments
accordingly. Recent studies focus on immune markers
such as cytokine profiles to predict patient outcomes,
ensuring real-time adjustments to therapy as needed.
Identifying these biomarkers helps stratify patients who
are most likely to benefit from vaccines, increasing the
overall success rate of clinical trials [89].

Furthermore, research into novel tumour-specific
biomarkers continues to expand, offering more precise
ways to monitor immune responses during treatment [91].

Potential for Personalized Vaccines across Cancer Types

Multiple cancer types, including glioblastoma,
melanoma, and solid tumours like breast and ovarian
cancers, are undergoing testing for personalised vaccines.
For glioblastoma, personalized peptide vaccines have
shown promise for improving immune responses and
prolonging patient survival [§9]. In situ vaccination, which
directly activates immune responses at the tumour site,
has demonstrated systemic tumour regression, thereby
expanding the reach of personalised immunotherapy
approaches [89, 90]. Combining these vaccines with
immune checkpoint inhibitors, such as PD-1 blockers,
has shown synergistic effects, leading to more durable
and effective treatments [91].

Clinical Implications and Personalized Medicine
Personalised medicine considers the genetic makeup
of each person, the impact of their environment on
them, and how they live. Personalized medicine holds
significant promise for better health outcomes and
improved therapeutic interventions. Studies have indicated
that cancer vaccines can improve a patient’s chances
of surviving certain types of cancer, especially when
conventional therapies are less effective. For instance,
individuals with advanced metastatic castration-resistant
prostate cancer have experienced better overall survival
with the use of Sipuleucel-T (Provenge), an FDA-
approved cancer vaccine. An overall survival analysis of
a phase II, randomized, controlled trial of patients with
mCRPC showed a 44% reduction in the death rate and an
8.5-month improvement in median overall survival [92].
Similarly, studies have found that melanoma-targeting
vaccines like Talimogene Laherparepvec (T-VEC) also
extend survival. Patients who received this vaccine in
clinical trials lived longer than those who received a
placebo by several months. The FDA and EMA approved
T-VEC, the first genetically modified herpes simplex
virus-1-based oncolytic immunotherapy, for the treatment
of unresectable, cutaneous, subcutaneous, and nodal
lesions in patients with recurrent melanoma after initial
surgery [93, 94]. Trials have tested GVA Pancreas and
CRS-207 for pancreatic cancer and Gardasil and Cervarix
for cervical cancer, significantly reducing the cancer risk.
Personalisation of treatment in the context of cancer
vaccines involves tailoring the vaccine to target specific
characteristics of a patient’s tumor. This approach aims
to increase treatment effectiveness while minimizing side
effects. Integrating personalized medicine into routine

medical practice may raise ethical issues around patient
privacy, data protection, and the fairness of access to
these treatments.

Proper Communication

Cancer-related treatment modalities might be
confusing to the patient because of the complex nature
of the mechanisms and genetics behind them. Patients
might not always understand the nature of vaccines and
their benefits. Proper communication channels need to
be in place for patients to understand these vaccines and
their benefits.

Transparency

Transparency of clinical trial information is essential to
scientific advancement. The clinical utility of personalized
vaccines depends on earlier scientific work focused on
identifying genotype-phenotype associations among
population groups. However, racial and ethnic minorities
have been significantly under- represented in the studies
that serve as the ‘inputs’ for translational efforts [95,
96]. Clinical trials for many of these vaccines may be in
their initial phases, and it is crucial to maintain proper
transparency among patients about their pros and cons.

Privacy

We need to take steps to prevent miscreants from
misusing an individual’s genetic and confidential
information, which personalised vaccines require
access to. Privacy is a condition of limited access to or
information regarding an individual [97]. In this article,
we focus on informational health privacy, although there
are several other types of privacy, including physical,
decisional, proprietary, and relational or associational
privacy [98]. The related concept of confidentiality is a
condition under which information obtained or disclosed
within a confidential relationship is not redisclosed without
the permission of the individual [97].The development of
EHRs and EHR networks would increase the privacy
risk because EHRs are typically comprehensive and
instantaneously distributed to multiple parties. Therefore,
anyone with access to the EHR can view even sensitive
information that is part of an individual’s record.

Accessibility

Information technologies, which enable patients
to access their own health records, are crucial in the
development of personalised vaccines. In this way,
personalised medicine reflects broader trends in healthcare
by encouraging patients to use information technologies
to take responsibility for their own health needs [99, 100].

Physician-Patient Relation

Personalized vaccines are likely to have major effects
on the physician-patient relationship. The first issue
is whether these physicians have adequate training to
provide the essential services of personalised medicine.
Besides physicians’ lack of training [101], another issue
is a shortage of time. Personalized vaccines will often
involve the use of genome sequencing or other laboratory
techniques, which is likely to increase the time needed
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for clinical tasks. For instance, performing a genetic test
necessitates pre-test genetic counselling to ascertain the
patient’s comprehension of the test’s implications and
potential social ramifications. After receiving the test
results, the physician must interpret the information and
design a treatment plan. In any event, it is likely that
personalized vaccines will change the physician-patient
relationship.

Cost-Effective Analysis

Another set of challenges that threaten to exacerbate
health disparities are economic barriers. Studies pertaining
to clinical applications of personalised vaccines may
necessitate larger study samples compared to conventional
approaches, potentially delaying the emergence of an
evidence base for these applications [102, 103]. Patients
who can overlook the cost factor for health benefits are
more likely to accept a customised vaccine that can
enhance QALY (quality life years).

Long-Term Benefits

Vaccines eliminate the need to undergo repeated
psychologically draining treatments; this in turn will
reduce the burden on the healthcare system and the
economic savings of the population.

Ethical and Access Considerations

As personalized cancer vaccines advance, they
raise important ethical, privacy, and access issues.
Patients must receive clear communication about the
complex mechanisms, potential benefits, and risks of
these therapies. Ensuring privacy around genetic data,
improving equitable access across socioeconomic groups,
addressing physician training needs, and managing the
high costs of vaccine development and delivery will all
be crucial for integrating these treatments into routine
care. Thoughtful regulatory frameworks and health
policies will be needed to balance innovation with
fairness and long-term healthcare sustainability. Figure 4
is showing the pathway from personalized cancer vaccine
development to patient outcomes.

Conclusions

Personalized cancer vaccines with other combined
therapies offers a promising advance in cancer treatment,
leveraging tailored immune responses for enhanced
efficacy. Early evidence shows that these vaccines,
particularly when paired with immune checkpoint
inhibitors and targeted therapies, may improve outcomes.
However, challenges remain, including optimizing
biomarkers, managing side effects, and refining delivery.
Future progress will rely on continued research,
innovation, and supportive regulations to bring safe,
effective, and personalized therapies to patients, marking
a significant step forward in cancer care.
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