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Abstract 

Glioblastomas (GBMs) are the most common and aggressive malignant brain tumors, presenting significant 
challenges for treatment due to their invasive nature and localization in critical brain regions. Standard treatment 
includes surgical resection followed by radiation and adjuvant chemotherapy with temozolomide (TMZ). Recent 
advances in immunotherapy, including the use of mRNA vaccines, offer promising alternatives. This review focuses 
on the emerging use of mRNA vaccines for GBM treatment. We summarize recent advancements, evaluate current 
obstacles, and discuss notable successes in this field. Our analysis highlights that while mRNA vaccines have shown 
potential, their use in GBM treatment is still experimental. Ongoing research and clinical trials are essential to fully 
understand their therapeutic potential. Future developments in mRNA vaccine technology and insights into GBM‑
specific immune responses may lead to more targeted and effective treatments. Despite the promise, further research 
is crucial to validate and optimize the effectiveness of mRNA vaccines in combating GBM.
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Graphical Abstract

Introduction
Glioblastomas (GBMs), the most common and 
aggressive human brain tumors, account for nearly 
half of all malignant primary brain tumors [1]. Brain 
tumors share some characteristics and challenges with 
tumors elsewhere in the body, but they also present 
special problems due to the unique properties of their 
organs [2]. As the most frequent brain tumor, GBMs are 
classified according to the World Health Organization 
(WHO) classification system, but some tumor types 
rarely become malignant, such as meningiomas and 
neurinomas [3]. The prevalence of this cancer increases 
with age, peaking at 15.2 cases per 100,000 in individuals 
aged 75–84  years, despite a low annual incidence 
compared with other cancer types. In patients older 

than 75  years, survival rates decline with age, with 
only 3.3% surviving 2  years after diagnosis [4]. Notably, 
approximately one-third of children and adolescents 
diagnosed with GBM survive for 2 years. The prognosis 
remains gloomy, particularly for elderly patients, where 
median survival is less than 4  months with the best 
supportive care alone [1, 5]. Since advanced age, poor 
performance, and incomplete resection are established 
negative prognostic factors, more effective treatment 
strategies are urgently needed.

The human brain, with its intricate micro-anatomy, is 
the most complex organ in the body, comprising a diverse 
array of cell types. While most brain cells transition into 
a post-mitotic state during adulthood, a select group 
known as neural stem and progenitor cells (NSPCs) 
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retain the replication capacity, potentially contributing to 
learning, memory, and tissue repair post-injury. NSPC, 
found in areas, such as the sub-ventricular zones, sub-
cortical white matter, and hippocampi of the temporal 
lobes in adults, have been implicated as the probable 
source of GBMs [1]. Notably, most adult GBM originates 
in brain regions housing NSPCs, predominantly in the 
temporal (19.7%), parietal (12.2%), and frontal (25.8%) 
lobes. While GBMs primarily manifest in the brain, they 
can also emerge in the spinal cord (4.3%), brainstem 
(4.2%), cerebellum (2.9%), and occipital lobe (3.2%) [5].

The comprehensive management of newly diagnosed 
GBM requires a multidisciplinary approach. In the 
current treatment protocols, surgical resection in 
combination with concurrent radiation and adjuvant 
chemotherapy using the alkylating agent temozolomide 
(TMZ) is the gold standard treatment. The intricacies 
of GBM, characterized by frequent invasiveness and 
localization in critical brain areas, including those 
governing speech, motor function, and sensory 
perception, pose challenges for extensive and complete 
surgical resection. Radical removal of the primary tumor 
mass, hindered by invasiveness, proves non-curative, 
leaving infiltrating tumor cells in the surrounding brain 
and paving the way for disease progression or recurrence. 
Studies have demonstrated improved outcomes with a 
larger extent of surgical resection, indicating the need 
for aggressive resection when possible. Statistically 
significant associations between increased resection 
extent and prolonged progression-free survival (PFS) 
and overall survival (OS) have been consistently 
observed in various studies. By integrating functional 
magnetic resonance imaging (MRI), diffusion tensor 
imaging (DTI), ultrasound, computed tomography (CT) 
scans, and MRI with direct stimulation during surgery, 
advancements in surgical techniques and preoperative 
mapping allow multimodal neuro-navigation while 
integrating anatomical and functional data specific to 
each patient. Despite these technological advances, 
distinguishing between normal brain tissue and residual 
tumor remains a substantial challenge [1, 6, 7]. Moreover, 
brain tumors frequently demonstrate diversity, as distinct 
cell populations exhibit differing responses to treatments 
[8]. As a result, personalized treatment approaches 
adapted to individual patients are imperative.

Immunotherapy is a promising avenue in brain cancer 
treatment, leveraging the body’s innate and adaptive 
defenses to target and eliminate malignant cells. 
Immune checkpoint inhibitors, such as pembrolizumab 
and nivolumab have demonstrated efficacy in specific 
brain cancer types by obstructing proteins that hinder 
immune responses, thereby empowering immune cells 
to identify and combat malignant cells. The use of novel 

immunotherapeutics, including monoclonal antibodies, 
tumor antigen-based vaccines, and chimeric antigen 
receptor (CAR) T cells, is under evaluation. Current 
immunotherapy methods aim to enhance immune 
function against tumor cells, utilizing diverse approaches 
such as blocking PD-1, PD-L1, and CTLA4, using 
cancer vaccines, or administering engineered immune 
cells, such as natural killer (NK) cells or CAR T cells. 
These therapies target immunological dysfunction to 
prompt the host’s immune system response, aiming for 
a specific immune reaction against tumor cells. Immune 
checkpoint blockade, targeting CTLA4, PD-1, and 
PD-L1 which was previously effective in cancers, such 
as melanoma, holds promise for recurrent GBM. These 
diverse approaches boost the host’s immune system 
response, potentially improving survival and quality of 
life for patients with GBM [9, 10].

Immunotherapy approaches directly address cancer 
biomarkers, induce tumor regression, and modify the 
inhibitory tumor microenvironment (TME), all of which 
are geared toward enhancing the OS rates. However, 
challenges persist in the effectiveness of immunotherapy 
for brain cancer. The blood–brain barrier (BBB) 
limits immune cell entry to the tumor site, potentially 
compromising treatment outcomes. Moreover, the 
suppressive brain microenvironment and tumor diversity 
add complexity to the activating immune responses. 
Myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs), diverse myeloid 
cells found in GBM tissues and blood, hinder immune 
responses. While MDSCs suppress T-cells, TAMs play 
pro-tumor roles. The complexity of the TME limits the 
immune cell functionality, and dysfunctional NK cells 
are common. The absence or dysfunction of tumor-
infiltrating lymphocytes (TILs) hampers the response to 
immunotherapy, emphasizing the significance of immune 
checkpoints, such as PD-1/PD-L1 interactions and the 
need for therapies that consider the complexity of the 
TME and its role in immunosuppression within GBMs 
[8, 11–14]. Understanding these dynamics is crucial for 
developing effective GBM-specific immunotherapies. A 
comprehensive understanding of the intricate interplay 
between the immune system and brain tumor cells is 
imperative to forge more potent and tailored treatment 
strategies. Because cancer vaccines train the immune 
system to recognize and eliminate tumor cells, this form 
of immunotherapy has received considerable attention.

The field of mRNA vaccines is rapidly evolving, 
marked by accumulating substantial preclinical data 
and the initiation of numerous human clinical trials in 
recent years. In this review, we delve into the existing 
approaches of mRNA vaccines for GBM, consolidating 
recent discoveries, highlighting obstacles and notable 
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successes, and providing insights into the future 
trajectory of mRNA vaccines. Evidence suggests that 
mRNA vaccines hold promise for overcoming several 
hurdles encountered in vaccine development for 
infectious diseases and cancer.

mRNA‑based cancer vaccines
In general, four types of cancer vaccines are available: 
vaccines based on tumor cells/immunity cells, vaccines 
based on peptides, vaccines based on nucleic acids, 
and vaccines based on viral vectors. Nucleic acid-based 
vaccines, such as mRNA vaccines, have become a 
popular area of research due to their unique advantages, 
including specificity, safety, and ease of manufacturing 
[15–17]. Among these, mRNA vaccines exhibit intriguing 
traits akin to DNA, and their research and development 
are garnering increasing attention. Unfortunately, their 
adoption remains widespread and accepted within the 
medical community.

mRNA‑based dendritic cell vaccines
The patient’s immune system’s ability to differentiate 
between healthy and tumor cells, relying on the presence 
of antigens in the tumor, is a fundamental aspect of active 
specific immunotherapy [18]. Within this category, the 
most hopeful and harmless approach to cancer treatment 
is therapeutic cancer therapy, specifically involving the 
utilization of dendritic cells (DCs)-based strategies [19, 
20]. This treatment uses the patient’s DCs, which exhibit 
the antigen characteristics of tumor cells. DCs, which are 
specialized antigen-presenting cells (APCs), have a cru-
cial role in connecting the intrinsic and adaptive immune 
reactions. An immune response will occur if DCs are 
transfected mRNA of an expected tumor antigen and 
delivered to the host (Fig. 1).

mRNA‑based direct cancer vaccines
A substitute for DC vaccines involves using mRNA 
directly, eliminating the need for DC separation, cell 
culture, and subsequent re-administration. Indigenous 
cells, including APCs, internalize the introduced mRNA 
and transport it to the cytoplasm for translational 
processing.

mRNA‑encoded antibodies
To expedite clinical advancement, mRNA molecules are 
additionally being used for the conveyance of complete 
IgG antibodies or frameworks, encompassing bispecific 
engineered antibodies while tackling pharmacokinetic 
and production complications. Monoclonal antibodies 
(mAbs) are recognized as an established approach for 
combating cancer, aiming at tumor cells and modifying 
the immune system reactivity.

mRNA‑encoded antigen receptors
Harnessing T cells to target tumors presents considerable 
potential in the cancer treatment landscape. The 
redirection process operates through the durable 
integration of antigen receptors specific to tumors. These 
receptors can be either T cell receptors (TCRs), which 
identify MHC-presented epitopes from intracellular 
and extracellular antigens, or CARs, which adhere to 
the surface antigens of tumors independently of MHC 
involvement.

mRNA‑encoded immunomodulators
In recent studies, mRNA-based immunomodulators 
have encompassed various components, including 
cytokines, costimulatory ligands, and receptors. 
Achieving a substantial protein yield is a key objective 
when manufacturing immunomodulators from cellular 
messenger RNA.

Delivery systems and administration routes 
for mRNA cancer vaccine
The choice of the route of administration and the efficient 
delivery system into the cytoplasm of target cells are also 
important factors to obtain the desired therapeutic effect. 
Nevertheless, the effective transportation of mRNA mol-
ecules into cells poses additional obstacles as they must 
overcome tissue, extracellular, and intracellular barri-
ers on their way to the targeted site. After that, mRNAs 
can be quickly eliminated by the immune system, broken 
down by nuclease enzymes in the extracellular environ-
ments, repelled by the plasma membrane, captured by 
endosomes, and broken down through internal defense 
mechanisms [21]. Hence, the main challenge currently 
faced is the unstable nature of mRNA molecules and 
their susceptibility to degradation by nucleases. Moreo-
ver, mRNA must stay structurally intact and reach the 
desired tissue/cells at a sufficient concentration in order 
to be translated into effective proteins for treating brain 
disorders [22, 23]. Researchers have explored numerous 
approaches for delivery of mRNA vaccines. Although, 
mRNA vaccines have been delivered in the form of free 
mRNA, nanocarriers like lipid-derived and polymer-
derived materials have greatly enhanced the uptake of 
mRNAs by cells, leading to significant interest in recent 
times (Fig. 2).

Naked mRNA
Unlike carrier-based mRNA vaccines, naked mRNAs 
are administered through direct injection of the 
mRNA solution. While naked mRNAs do not easily 
penetrate cell membranes, various studies have put 
forth hypotheses regarding their uptake mechanisms. 
Some researchers propose that the uptake of naked 
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mRNA occurs via DC-mediated macropinocytosis. 
This process facilitates the expression of the antigen-
encoding mRNA and enhances the activation of T cells 
and DCs. Once DCs reach maturity, they degrade the 
mRNAs [24, 25]. The commonly utilized solutions for 
naked mRNA are Ringer’s solution and lactated Ringer’s 
solution [26, 27]. Both solutions are enriched with 
calcium, which enhances the uptake of mRNA [28]. 
Research has been conducted on the intranodal and 
intradermal administration of naked mRNA. In a study 
by Sebastian et  al., a significant immune response was 
observed following the intranodal injection of naked 
mRNA containing a single epitope in murine models 
[29]. In addition, Sonia and colleagues explored the 

intradermal delivery of naked mRNA that encodes a 
fluorescent protein into excised pig skin, demonstrating 
that this method resulted in protein expression [30]. 
The researchers discovered that administering naked 
mRNA intradermally led to the expression of proteins. 
While these studies did not address certain aspects 
such as clinical applications, mRNA dosages, and levels 
of expression, they provide evidence of concept and the 
feasibility of using naked mRNA. Among the various 
administration routes, intradermal delivery is favored 
over intranasal delivery due to the latter’s complexity, 
whereas the dermis is abundant in APCs [31]. 
Nonetheless, naked mRNA, as an exogenous nucleic acid, 

Fig. 1 The presentation of tumor antigens by DCs to T cells. The concept of mRNA cancer vaccination involves delivering mRNA that encodes 
tumor antigens into immune cells and producing translated proteins. Transformed antigens can be displayed on immune cells to be recognized 
by the immune system, which will then produce antibodies against tumor cells. DCs are activated by damage‑associated molecular patterns 
(DAMPs) from tumor cells in the tumor microenvironment. A A mature DC captures tumor antigens or B expresses mRNA vaccine antigens 
and migrates to tumor draining lymph nodes to cross‑present tumor antigens presented on MHC I molecules. Mature DCs migrate into  CD4+ 
T and  CD8+ cell areas. Finally, effective antitumor responses are induced with cross‑presentation by activating and cross‑priming CTLs. Created 
with BioRender.com
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is readily identified by the immune system and is quickly 
degraded by nucleases once it enters the body [32].

Nanosystems for mRNA delivery
A variety of nanovehicles, including lipid-based nano-
particles (NPs), polymeric NPs, and lipid-polymer hybrid 
NPs, has garnered significant interest in the delivery of 
mRNA [33–35] (Table  1). Non-viral nanocarriers offer 
several benefits: (a) they can effectively condense mRNA, 
protecting it from enzymatic degradation [36]; (b) they 
enable efficient targeting and delivery of mRNA to lym-
phatic organs, such as lymph nodes and APCs, which 
enhances antigen uptake and presentation, thereby 
increasing vaccine efficacy; (c) these nano-delivery sys-
tems facilitate endosome escape following endocytosis, 
thereby enhancing transfection efficiency [34] (Fig. 3).

Lipid nanoparticles for mRNA delivery
Lipid NPs (LNPs) have become a prominent focus within 
the biopharmaceutical industry, recognized for their 
potential as delivery systems for a range of nucleic acid 
therapies, including mRNAs. These NPs offer numer-
ous benefits, such as low immunogenicity, substantial 
payload capacity, ease of production, and excellent scal-
ability. In the context of mRNA delivery, LNPs pre-
sent significant advantages, including straightforward 
formulation, modular design, biocompatibility, and a 
high capacity for mRNA payloads. Acting as intelligent, 
nanoscale lipid carriers, LNPs facilitate the transport 
of mRNA into the cytosol. These nanocarriers can effi-
ciently deliver mRNA into cells by fusing with the lipid 
bilayer of early endosomes, thereby releasing the mRNA 
into the cytoplasm while protecting it from RNase degra-
dation during systemic circulation [37]. Typically, LNPs 
are composed of three primary components: an ionizable 
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lipid (40–50%), cholesterol (38–45%), and a helper phos-
pholipid (10–12%), with the occasional addition of a 
PEGylated lipid (1–2%) [38]. These components work 
synergistically to encapsulate and protect the mRNA. 
The first lipids utilized for RNA delivery were the cati-
onic DOTMA (1,2-Di-O-octadecenyl-3-trimethylam-
monium propane) and its synthetic counterpart DOTAP 
(1,2-Dioleoyl-3-trimethylammonium-propane), intro-
duced in 1989 [39]. Since then, a variety of other cationic 
lipids, including the well-known Lipofectamine, have 
been utilized for RNA delivery [40]. Notably, mRNA-
LNP vaccines for COVID-19 are currently in clinical 
use, representing a groundbreaking approach to mRNA-
based therapies [41].

LNPs have emerged as highly effective nano-delivery 
systems for the targeted administration of nucleic acid 
therapies in the treatment of GBM. A notable example 
is a Phase I clinical trial (NCT06389591) investigating 
RNA-lipid particle (RNA-LP) vaccines for recurrent adult 
GBM, which aims to assess the feasibility of manufac-
turing, safety, and the maximum tolerated dose (MTD) 
in adult patients with recurrent GBM. This clinical trial 
represents the first human Phase I study focused on 
RNA-LP vaccines for recurrent adult GBM. In addition, 
another Phase I trial (NCT04573140) is exploring RNA-
LP vaccines for newly diagnosed adult patients with 
unmethylated MGMT GBM and pediatric patients with 
newly diagnosed high-grade glioma (pHGG). This study 
is structured into three phases: Surgery, Radiation, and 

Table 1 Types of nanosystems to deliver mRNA vaccine

Types of nanosystems Advantages Challenges Ref.

Naked mRNA • Easy to store and prepare
• Easy to scale up

• Prone to RNase degradation
• Low delivery efficiency

[32, 157, 158]

Lipid nanoparticles • Protect mRNA from RNase 
degradation
• Reduced toxicity
• Efficient intracellular delivery 
of mRNA
• Tissue tropism
• High reproducibility
• Easy to scale up

• Potential side effects
• Less drug entrapment
• Serious issue with sterilization
• Chemically unstable

[159–161]

Polymer nanoparticles • Protect mRNA from RNase 
degradation
• Higher stability
• Various methods of preparation
• Efficient intracellular delivery 
of mRNA

• Potential side effects
• Difficult scalability
• Insufficient toxicity analysis
• Polydispersity

[162, 163]

Peptide‑based nanoparticles • Protect mRNA from RNase 
degradation
• Protamine‑mRNA complex 
has adjuvant activity

• Low delivery efficiency
• mRNA complexed with protamine 
is translated poorly

[61, 164, 165]

Virus‑like replicon particle • Protect mRNA from RNase 
degradation
• Produced by cell free systems
• Efficient intracellular delivery of self‑
amplifying mRNA
• Presence of disulfide bond provides 
stability
• Strong expression

• Challenging to scale up
• Less stable
• Escape phagocytosis
• Extravasate from blood vessels
• Antibody production against viral 
vectors

[166–168]

Cationic nanoemulsion • Protect mRNA from RNase 
degradation
• Squalene‑based CNEs have adjuvant 
activity
• Formulation can be prepared 
and stored without RNA for future use
• Easy to scale up

• Limited delivery efficiency [131, 169, 170]
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Immunotherapy. The RNA-LP vaccination will com-
mence within 4 weeks post-radiation, following an evalu-
ation of the post-radiation MRI for baseline assessment. 
After radiation therapy, participants will receive three 
RNA-LP vaccines at 2-week intervals, leading to 12 
cycles of monthly adjuvant RNA-LP vaccines, culminat-
ing in a total of 15 vaccinations. Participants may con-
tinue to receive RNA-LP vaccines for a duration of up to 
14 months.

Various types of NP platforms are available for the 
delivery of the GBM vaccine. Researchers have sought to 
incorporate a range of distinctive molecules, including 
X-hydroxycholesterol [42], PEG-lipid [43–45], iBL0713 
(an ionizable lipid) [46], N-series lipidoids [47], synthetic 
ionizable lipidoids [48], DOTAP [49], etc.) into LNP 
formulations. This integration aims to enhance targeted 
delivery, improve transfection efficiency, and increase 
the rate of endosomal escape. The findings from 
these investigations indicate that LNPs optimized for 
composition possess significant potential to address the 
challenges associated with mRNA delivery [50].

Peptide‑based nanoparticles for mRNA delivery
A variety of peptides serve as carriers for the delivery of 
mRNA vaccines. When utilized as the main carrier for 

RNA delivery, peptides should possess a positive charge. 
Cationic peptides, characterized by a high content of 
arginine and lysine residues, provide positively charged 
amino groups that facilitate the complexation with 
nucleic acids through electrostatic interactions [51, 52]. 
Among these, protamine is the sole peptide carrier that 
has been assessed in clinical trials for mRNA vaccines 
[53]. Protamine, a cationic peptide, has been employed 
in numerous early investigations concerning mRNA 
vaccine delivery. In aqueous solution, protamine and 
mRNA spontaneously form a complex, with the size of 
this complex being influenced by the concentration of 
NaCl [54]. Additionally, the protamine–mRNA complex 
exhibits significant adjuvant activity, demonstrating 
immunogenic properties due to its structural 
resemblance to viral RNA genomes [55, 56].

The viability of the mRNA–protamine complex 
was evaluated using β-galactosidase–mRNA–
protamine, which was administered into a GBM 
tumor. Results indicated that the mRNA complexed 
with protamine exhibited poor translation efficiency 
[57, 58]. Furthermore, protamine was utilized in 
conjunction with CureVac’s self-adjuvanted RNActive® 
delivery technology to form complexes with mRNA, 
contributing to the development of vaccines for rabies 
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and influenza A [59, 60]. It is noteworthy that protamine 
has been shown to enhance the transfection efficiency 
of complexed nucleic acids without any detectable 
cytotoxicity at concentrations up to 10 mM, in contrast 
to other commonly used transfection agents, such as 
polyethylenimine (PEI) polymer, which has been reported 
to induce in vitro toxicity at doses exceeding 5 mM [61]. 
Recently, the application of protamine in mRNA delivery 
has gained traction for the formulation of established 
vaccines, and further research is anticipated. However, 
as of now, this nanocarrier has not been employed in 
clinical studies for GBM vaccines.

Polymer nanoparticles for mRNA delivery
Polymeric NPs have garnered significant attention in 
recent years for extensive biomedical applications, 
establishing themselves as a fundamental component 
of the nanobiotechnology field. Both natural and 
synthetic polymers serve as adaptable materials, 
providing numerous benefits such as biodegradability, 
biocompatibility, and non-toxicity. The encapsulation 
of therapeutic agents within polymeric NPs facilitates 
sustained drug release, thereby prolonging their half-life. 
This characteristic is advantageous for enhancing drug 
efficacy and safety, minimizing adverse side effects, and 
improving patient acceptance and adherence [62, 63]. 
Additionally, hydrogels represent another promising 
application within nanotechnology, particularly for the 
delivery of immunotherapeutics. A hydrogel consists of 
a crosslinked hydrophilic polymer capable of suspending 
organic substances, including proteins and nucleic 
acids. Although RNA-loaded hydrogels are still under 
development for GBM, preliminary studies have shown 
their effectiveness in  vitro against triple-negative breast 
cancer [64]. These hydrogels can be utilized as scaffolds 
to embed and deliver therapeutics, potentially countering 
the rapid evolution and heterogeneity associated with 
GBM [65]. Various nanotechnology-based delivery 
systems, including lipoplexes, polyplexes, and lipid-
polymer hybrid NPs, have also gained considerable 
interest and have been investigated for mRNA delivery 
[34].

Synthesis of mRNA in vitro and sequence 
engineering of synthetic mRNA
Messenger RNA (mRNA), known as a substitute 
genetic material for the expression of the protein, has 
garnered significant interest. Regarding expressing target 
proteins, mRNA has several advantages compared with 
conventional plasmid DNA, highlighting the inherent 
distinctions in mRNA molecules. mRNA directly 
changes into the protein through a single translation 
step in the cytoplasm. This allows the attainment of high 

protein levels, akin to viral systems. It also ensures swift 
onset times and controlled expression of target proteins, 
tailoring the pharmacodynamic effects as needed. 
Nonetheless, the practical utilization of mRNA has 
encountered certain limitations stemming from various 
factors. These include the inherent instability of mRNA, 
potential immunological hurdles, and, notably, the 
absence of efficient methodologies for mRNA synthesis 
[66–68]. In the 1990s, these constraints were overcome 
through the advancement of in vitro transcription (IVT) 
techniques for mRNA synthesis.

mRNA is a novel method of vaccination that involves 
the expression of protein antigens in pathogens or 
tumor cells. This activates the host’s immune system, 
thereby eliminating tumor cells and preventing infections 
[69, 70]. The utilization of conventional mRNA has 
faced previous challenges, including low stability 
and heightened immunogenicity. Consequently, the 
application of conventional mRNAs in clinical trials was 
constrained. Nonetheless, Kariko et al. demonstrated that 
substituting cytidine and uridine with 5-methylcytidine 
and pseudouridine in mRNA molecules rendered them 
more resilient in biological fluids [71]. This alteration 
significantly mitigated the immune system activation 
[71–74], paving the way for the clinical application of 
modified mRNA. To induce protein expression, the 
selected gene transcript may be delivered in  vitro or 
in vivo [75] by synthetically generated modified mRNAs. 
The cellular translation machinery is used to translate the 
mRNA in physiological states, and contrary to vectors 
of viral gene therapy, the lack of integration in the host 
genome makes it non-oncogenic [76, 77]. Therefore, in 
the future, treatment with modified synthetic mRNA will 
be more widely accepted.

mRNA vaccine technology, a new era in vaccinology 
has emerged as a promising platform for treating 
allergies, autoimmune illnesses, and cancers. This 
technology includes the usage of a nano-based 
nanocarrier that encapsulates an mRNA collection 
encoding the preferred antigens or epitopes to target 
specific tissues or cell types and set off immune tolerance 
[78, 79]. mRNA NPs such as lipid NPs (LNPs) are 
formulated with the use of ionizable cationic lipids (e.g., 
MC3), helper lipids (e.g., DSPC and LDL cholesterol), 
and PEG lipids, which wrap around mRNA molecules 
and form micelles that deliver and protect the mRNA 
molecule to the cytosol for protein expression. After the 
system of those lipids is determined, the lipid NPs can 
efficiently encapsulate mRNA molecules in a microfluidic 
device and securely deliver them to their goal cells. When 
mRNA LNPs enter cells by phagocytosis or endocytosis 
the mRNA can escape from endosomes and be translated 
to antigenic proteins or peptides [80]. mRNA synthesized 
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after being taken up via APCs is translated to the interest 
peptide into the cytosol. This manufactured peptide, 
which cannot be recognized from the endogenous mRNA 
product, undergoes post-translational modifications, and 
parts of it are degraded by intracellular components. The 
MHC of APCs presenting these peptides can stimulate 
the host immune system, which leads to the induction 
of cancer-specific killer T cells as well as activated 
helper T lymphocytes and NK cells [17, 81]. MHC 
class I and II cross-present extracellular proteins for 
activation of  CD4+ T cells. The  CD4+ T cells are capable 
of co-activating protein-specific B cells, and B cells are 
also capable of co-activating  CD4+ T cells after the B cell 
receptor induces antigen internalization [82]. Moreover, 
engineered mRNA constructs affected the production 
of pro-inflammatory cytokines such as IL-2, IL-7, IL-12, 
and IL-15. These pro-inflammatory cytokines increase 
the production of antigen-specific  CD8+ cytotoxic T cells 
and the ratio of active  CD8+ cells to immune suppressor 
regulatory T cells  (TRegs) and result in the generation 
of memory T cells for an extended and lasting immune 
response [17, 83] (Fig. 3).

Engineered mRNA for enhanced translation efficiency
The design and stability of synthesized mRNA play a piv-
otal role in translation efficiency (Figs. 4 and 5). Conse-
quently, optimizing the structural components within 
IVT mRNA is often essential for the consistent expres-
sion of target proteins at stable levels. Hence, to main-
tain a constant and stable expression of target proteins, 
it is beneficial to fine-tune the structural elements of IVT 
mRNA.

Cap
The 5′ cap of mRNA plays a crucial role in the translation 
process. In eukaryotes, it comprises 7-methylguanosine 
(m7G) bound to the 5′ end of mRNA via a 5′-5′-triphos-
phate bridge (ppp) (m7GpppN), offering numerous 
advantages for translation and mRNA preservation 
[84]. Two primary capping methods were employed for 
the synthesis of IVT mRNA. It can be achieved either 
through the utilization of enzymes involved in capping or 
by integrating a cap analog during transcription in test-
tube (in vitro) [85].

Untranslated regions
The principal role of untranslated regions (UTRs) lies 
in the regulation of posttranscriptional gene expression, 
which has a substantial impact on mRNA bioactivity. The 
specific sequences within UTRs are able to interact with 
diverse regulatory proteins. In addition, the UTR length 
and the secondary structures are pivotal for improving 
translation efficiency [86, 87].

Open reading frame
To facilitate the expression of the desired protein, the 
open reading frame (ORF) furnishes essential genetic 
instructions for the translation process. Unlike various 
mRNA elements, an ORF does not primarily contribute 
to augmenting the expression level or stability of mRNA. 
However, it can exert influence over the translational 
functions and stability of mRNA, contingent upon its 
base composition [88].

Poly (A) tail
The final element responsible for modulating mRNA sta-
bility and translational activity is the poly (A) tail, which 
interacts with the poly (A) binding protein (PABP) and 
shields mRNA from degradation by 3′ to 5′ nucleases. 

uORF ORF AAAAAAAAA…PP P

3’ UTR5’ UTR
5’ Gppp cap

TAT

Start:
AUG Met

Stop:
UAG
UAA
UGA

3’ UTR elements

Fig. 4 The schematic map of mRNA vaccine construct. The final construct of an mRNA vaccine includes an ORF, UTRs, a 5′ cap, and a poly (A) tail. 
The mRNA vaccines can be classified as self‑amplifying mRNA (SAM) or non‑replicating mRNA (NRM). Several features are similar between them, 
including a 5′ cap sequence, 5′ and 3′ UTRs, an ORF that contains coding sequence, and a 3′ poly (A) tail. In SAM, genetic replication machinery 
derived from flaviviruses and alphaviruses is the main difference between them. Created with BioRender.com
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Consequently, it is essential to maintain an appropriate 
length for optimal interaction with PABP and mRNA sta-
bility. Currently, a poly (A) tail length ranging from 64 to 

150 nucleotides is considered the standard for achieving 
efficient translation [89, 90].

ORF

5’ Cap

5’ and 3’ UTR

Codon usage

Nucleoside modification

dsRNA removal

D. mRNA  vaccine structure

Cap 5’ UTR 3’ UTR Poly (A)-tail

Liposome
Micelle

Solid lipid Polymeric nanoparticles

C. Nanoparticle formulation

A. Naked mRNA (Electroporation) B. Protamine formulation

Protamine

mRNA

mRNA
Cell

Stability Innate immune activationTranslation

5’ Cap

5’ and 3’ UTR

Poly (A)-tail

5’ 3’

Fig. 5 The vaccine efficacy increases by delivery systems selection and construct modifications. mRNA vaccines can be delivered using A naked 
mRNA, B protamine formulation lipid NPs, and C polymeric NPs. In addition to protecting mRNA from enzymatic degradation, delivery systems 
also protect it from extracellular ribonuclease degradation. Cationic lipids with positive charges regulate the location of mRNA at the negatively 
charged surface of cells. They also facilitate endocytosis and the escaping of endosomes. D The vaccine efficacy is influenced by the appropriate 
construct element selection and design. Created with BioRender.com
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In vitro transcription of mRNA
The initial step in IVT mRNA preparation involves 
crafting the DNA template, which necessitates a 
minimum of four components: the promoter of 
bacteriophage, ORF, UTR, and Poly (T). In the reaction 
solution, all four distinct ribonucleoside triphosphates 
(rNTPs), RNA polymerase, and the DNA template 
were incorporated. To obtain pure IVT mRNA, it is 
essential to remove non-reacted nucleotides, short 
oligonucleotides, enzymes, and extra salts. Purification 
can be achieved using mRNA purification kits in a 
laboratory setting or by using liquid chromatography 
techniques for large-scale IVT mRNA purification.

Glioblastoma antigens and immune subtypes
The selection of antigens is of paramount importance 
in the development of a GBM vaccine. mRNA vaccines 
facilitate an indirect stimulation of the immune system, 
leading to an anti-tumor response. Traditional radio-
graphic imaging methods do not consider this distinctive 
mechanism of action and may fail to provide an accurate 
representation of the actual clinical advantages of mRNA 

vaccines. Each patient’s unique condition and cancer 
type will require a different treatment plan and dosage 
for personalized mRNA cancer vaccines [91]. Novel bio-
markers and tumor antigens that can accurately monitor 
the treatment response to these vaccines are needed to 
determine which mRNA cancer vaccines should advance 
beyond early phase trials and into larger phase III clini-
cal trials [92]. Antigens that are specifically expressed 
by tumor cells are necessary for survival and are highly 
immunogenic [93]. Few antigens have been employed in 
cancer vaccines and have the aforementioned character-
istics. Tumor antigens are divided into two types, tumor-
associated antigens (TAAs) and tumor-specific antigens 
(TSAs), according to their tissue distribution, expression 
level, and central tolerance status, which are antigenic 
markers. TSAs are MAPs that are found only on cancer 
cells robust evidence indicates that anti-tumor immune 
responses potentiated via immune checkpoint therapy 
are directed against TSAs [94, 95]. However, the molecu-
lar landscape of actionable TSAs remains largely elusive 
[96]. As opposed to TSAs, TAAs are extensively used to 
produce vaccines for most cancers. Currently, 15 clinical 

• Cytomegalovirus pp65-lysosomal-associated membrane protein (LAMP) mRNA-loaded DCs (NCT00626483)

• Human cytomegalovirus pp65-LAMP mRNA-pulsed autologous DCs (NCT02366728)

• Personalized tumor mRNA, pp65 fl LAMP mRNA (NCT06389591)

• Human CMV pp65-LAMP mRNA-pulsed autologous DCs (NCT03688178)

• Human CMV pp65-LAMP mRNA-pulsed autologous DCs (NCT03927222)

• CMV pp65-LAMP (Lysosomal-associated Membrane Protein) mRNA (NCT04741984)

• pp65-shLAMP mRNA DCs (NCT02465268)

• Autologous total tumor mRNA and pp65 full length (NCT04573140)

• Human CMV pp65-LAMP mRNA-pulsed autologous DCs (NCT02529072)

• Cytomegalovirus (CMV) pp65-lysosomal-associated membrane protein (LAMP) mRNA-DCs (NCT00639639)

Cytomegalovirus pp65-lysosomal-associated membrane protein (LAMP) 

• Intradermal vaccination with autologous Wilms' tumor 1 (WT1) mRNA-loaded DCs (NCT02649582)

Intradermal vaccination with autologous Wilms' tumor 1 (WT1) 

• CV09050101 mRNA vaccine (CVGBM) (NCT05938387)

• Glioma-associated antigens (NCT02808364)

• Tumor Stem Cell Derived mRNA- Transfected DCs (NCT00846456)

Brain tumor stem cells (BTSCs)-specific mRNA -loaded DC vaccine (NCT00890032)

Fig. 6 Current antigens for mRNA glioblastoma vaccines in clinical trials
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trials are ongoing, and a list of current antigens targeting 
different GBM are summarized in Fig. 6.

TAAs are overexpressed in tumor cells but have low 
or silent expression levels in healthy cells [97]. T cells 
bind with high affinity to TAAs as self-antigens, and the 
majority of them are removed by peripheral and central 
tolerance mechanisms; therefore, a cancer vaccine 
containing these antigens needs to “break tolerance” [98]. 
TAAs exhibit differential expression in multiple GBM 
subtypes and are routinely employed as biomarkers for 
various malignancies. The origin, stage, grade, and even 
the examination method of the tumor can affect the 
expression of antigens [99]. Many antigens have been 
identified in GBM, including tumor-promoting and 
tumor suppressor proteins. Increasing evidence indicates 
that antigens with different functional proteins associated 
with GBM are numerous and play a critical role in GBM 
initiation, progression, and recurrence [100] (Table 2).

Neo-antigens are cancer-specific antigens that are 
unique to each patient’s cancer. Since somatic muta-
tions are created in the genome of tumor cells, they can 
be highly immunogenic and do not undergo central tol-
erance. As a result, a flexible and powerful vaccine tech-
nology is needed to create personalized neo-antigen 
vaccines [97]. Tumor neoantigens, in contrast to TAA, 
are ideal targets for immunotherapy because they can be 
recognized as non-self antigens; thus, they elicit stronger 
antitumor T cell responses [101]. Studies have shown 

that few neoantigens cause a strong immune response 
against the tumor [102]. Therefore, cancer patients’ neo-
antigens can be distinguished from normal proteins using 
strategies such as genome sequencing. Comparing the 
sequence of tumor cells and normal cells with advances 
in next-generation sequencing (NGS) technologies is a 
very cost-effective method and helps to identify cancer 
neoantigens [103].

The TAAs and tumor immune microenvironment 
changes have been identified in GBM [104]. As an exam-
ple, in a study, some potential tumor antigens were iden-
tified for GBM vaccine development and development of 
a tool for predicting how GBM patients respond to vac-
cination. The expression profiles of GBM antigens were 
evaluated using gene expression profiling interactive 
analysis (GEPIA), and genetic alterations were analyzed 
using the cBioPortal program. The TIMER program was 
used to analyze the correlation between APC and anti-
gens. Further clustering analysis was conducted using 
GBM RNA-seq data and corresponding clinical data 
from The Cancer Genome Atlas (TCGA) and the Chi-
nese Glioma Genome Atlas (CGGA). The survival rate of 
GBM patients and the presence of APCs in GBMs were 
highly correlated with six overexpressed or mutated 
tumor antigens (ARPC1B, ARHGAP9, ARHGAP30, 
CLEC7A, PLB1, and MAN2B1). GBMs that belong to the 
IS3 subtype were found to respond better to vaccination 
than GBMs that belong to the IS1 subtype. The immune 

Table 2 Some GBM‑associated antigens and GBM‑associated antigens

Biomarkers Description Ref.

B7H3 Also known as CD276, a member of the B7 family of immune checkpoint proteins [171]

IL‑13Rα2 Interleukin‑13 receptor alpha 2 [172]

HER2 Human epidermal growth factor receptor 2 [173]

EGFRvIII Epidermal growth factor receptor variant III [174]

EphA2 Erythropoietin‑producing hepatocellular carcinoma A2 [175]

GLEA2 Glioma‑expressed antigen 2 [176]

ARHGAP9 Rho GTPase activating protein 9 [105]

ARHGAP30 Rho GTPase activating protein 30

CLEC7A C‑type lectin domain family 7

MAN2B1 Mannosidase alpha class 2B member 1

ARPC1B Actin‑related protein 2/3 complex subunit 1B

PLB1 Phospholipase B1

Survivin Also called baculoviral inhibitor of apoptosis repeat‑containing 5 or BIRC5 [177]

WT1 Wilms tumor protein [177]

GD2 Ganglioside 2 [178]

PDGFRA A transmembrane receptor containing five immunoglobulin‑like domains and one tyrosine kinase 
domain

[179]

NKG2D Natural Killer Group 2 member D [180]

MET Mesenchymal–epithelial transition factor [181]

HK3 Hexokinase 3 [107]
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landscape among GBM patients was depicted by dimen-
sional reduction using graph learning. Furthermore, 
WGCNA is capable of identifying immune-related genes 
as potential vaccine biomarkers [105]. In addition, to 
detect antigens useful in developing mRNA vaccines for 
GBM, researchers in another study assessed the immune 
subtypes of GBM to establish selection criteria for suit-
able vaccination candidate selection. In GBM, TP53, 
IDH1, C3, and TCF12 have been identified as mutated 
and overexpressed antigens associated with poor prog-
nosis. Furthermore, the TCGA data consistently identi-
fied ten immune gene modules and four GBM immune 
subtypes (IS1–IS4). Molecular, cellular, and clinical char-
acteristics differentiate the immunity subtypes. In con-
trast to IS2 and IS3, IS1 and IS4 were associated with an 
immune-activating phenotype and worse survival. All 
four immune subtypes expressed immune checkpoints 
and immunogenic cell death regulators [106]. Moreover, 
Ye et al.’s study identified the appropriate population for 
cancer vaccination through immune-phenotyping by 
identifying possible tumor antigens of GBM. The results 
showed that GBM patients with immune subtypes 1 and 
2 had distinct clinical outcomes, indicating immune sup-
pression and immune inflammation, respectively. GBM 
mRNA vaccination could be developed using ARPC1B 

and HK3 mRNA antigens, and patients in IS2 were con-
sidered the most suitable population [107].

Modulation of mRNA immunogenicity
Several important innovations have recently boosted 
the development and design of mRNA vaccines, 
including technologies that produce and deliver high-
quality mRNAs. Several technical obstacles have been 
overcome in the past, including stability, delivery, and 
immunogenicity [108].

Introduction of modified nucleosides
The introduction of modified nucleosides may be a pos-
itive approach for modulating mRNA. The delivery of 
single-stranded mRNA molecules to cells exogenously 
is itself a PAMP aside from the double-stranded RNA 
(dsRNA) contaminants [109]. Several innate immune 
receptors recognize exogenous mRNA, including those 
on the cell surface, endosomes, and cytosol [109]. The 
toll-like receptors (TLRs) of innate immune cells can 
be activated by exogenous mRNA, especially TLR7 
and TLR8. When incorporated into transcripts, certain 
naturally occurring modified nucleosides decrease TLR 
activation [74, 110] (Fig. 7). There are several examples, 
such as m5C, m6A, m5U, s2U, or pseudouridine that 

AP1 IRF7IRF3NF-κB

Triacyl
lipopeptides

Diacyl
lipopeptides Flagellin Lipopolysaccharide

TLR2-TLR1 TLR2-TLR6

TIRAP 

MyD88 

TLR5

TLR4 

Cytoplasm

TAB2/3
TAK1

TLR3

dsRNA 
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TLR8 
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Fig. 7 Overview of TLR‑activating and the induced signaling pathway. Created with BioRender.com
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reduce the RNA-mediated immune response, resulting 
in a reduction of type I interferon (IFN) signaling while 
improving translational capacity and stability [72, 73, 
111]. For instance, Karikó et al. found that nucleoside-
modified mRNA translations is more efficient in  vitro 
in primary DCs and in  vivo in mice than unmodified 
mRNA [112].

Regulation of self‑adjuvant properties by purification 
of mRNA modulates
The dsRNA is commonly present in in-vitro transcrip-
tion products of mRNA. Type I IFN production can be 
promoted by dsRNA, which mimics the replication inter-
mediates of RNA viruses [113]. Pathogen-associated 
molecular patterns (PAMPs) in multiple cellular com-
partments sense dsRNA as a mimic of viral genomes 
and replication intermediates [114]. IVT mRNA con-
taminated with the dsRNA leads to robust type I IFN 
production. By increasing protein kinase R (PKR) and 
2′-5′-oligoadenylate synthetase (OAS) expression and 
activation, mRNA translation is inhibited and ribosomal 
RNA and cellular mRNA are degraded [115]. It has been 
demonstrated that chromatographic methods (e.g., fast 
protein liquid chromatography and high-performance 
liquid chromatography) can effectively remove dsRNA 
from mRNA [116]. It is possible to increase mRNA trans-
lation in primary cells by 10–1000 times after purification 
while still maintaining relatively high cytokine produc-
tion levels [117]. In other words, purifying IVT mRNA 
appropriately is critical to maximize protein production 
in DCs and avoid unwanted innate immune activation 
[109].

Regulation of self‑adjuvant properties by optimizing 
mRNA sequences
The innate immunity induced by mRNA sequences is a 
major obstacle to the development of safe and effective 
mRNA vaccines [108, 118]. Type I IFN can be produced 
by single-stranded RNA (ssRNA), which induces a wide 
range of IFN-stimulated genes (ISGs) to inhibit the trans-
lation of mRNA. Therefore, different characteristics of 
mRNA sequences must be optimized if mRNA vaccines 
are to be successful. The 5′-terminal cap  (m7GpppN-, cap 
0)-capped and uncapped mRNAs can be recognized by 
pattern recognition receptors (PRRs) and inhibit transla-
tion. Eukaryotic translation initiation factor 4E (eIF4E) 
is recruited by the 5′ cap to facilitate ribosome recogni-
tion and translation initiation [84, 119, 120]. Since dif-
ferent cap structures play a key role in cell recognition 
processes, it becomes clear that uncapped transcripts 
are inadequate representations of eukaryotic mRNAs, 
and it is essential to prepare correctly capped RNAs 
to evaluate mRNA function in cells [121]. It has also 

been demonstrated that modifying mRNA cap struc-
ture increases translational efficiency and stability [121, 
122]. Based on the desired length of the capped RNA, a 
variety of capped RNAs can be produced using either a 
fully synthetic or enzymatic approach, ranging from a 
few nucleotides to authentic mRNAs (> 1000  nt) [121]. 
Post-translational capping enzymes are widely used 
in vitro, with the most common being the vaccinia cap-
ping enzyme (VCE) [123, 124]. The VCE consists of two 
subunits (D1 and D12). In addition to the triphosphatase, 
guanylyltransferase, and methyltransferase activities of 
D1, D12 plays a vital role in activating D1 [120].

Alterations in the ORF region may diminish the robust 
immune response triggered by the recognition of PRRs, 
while simultaneously increasing the translation efficiency 
of mRNA [117]. To improve translation efficiency 
and prevent innate immunity reactions due to PRR 
recognition, several approaches have been developed to 
modify ORF sequences. GC content and codon usage 
bias can be modified to regulate translation elongation 
rates, or codon usage bias can be modified to avoid 
secondary structures [125, 126]. Increased GC content 
can also be attributed to codon optimization using 
uridine depletion. Additionally, various strategies can 
be used for codon optimization, including using codons 
with a higher transfer ribonucleic acid (tRNA) abundance 
or using more frequent codons. In addition, the best pairs 
of codons can be used together to optimize the dicodon 
usage. Third, the ORF sequence can be modified to have 
the same ratio of codons as natural proteins found in 
the target species and cells. Although high translation 
rates are beneficial, not all proteins fold properly and 
effectively when translated at a high rate. Therefore, a 
moderate translation rate and high translation accuracy 
should be ensured by codon optimizations in the ORF 
[125, 127].

Optimizing the mRNA immunogenicity with adjuvants
A mRNA vaccine system can be enhanced by adding 
adjuvants to improve immune response to antigens [128]. 
Some vaccine formulations incorporate adjuvants as 
exogenous materials, while others add them as exogenous 
materials. These include conventional adjuvants as well 
as novel adjuvant approaches that exploit the intrinsic 
immunogenicity of mRNA or its ability to encode 
immune-modulating proteins [109]. Despite the inherent 
self-adjuvant properties of naked IVT mRNA, additional 
materials such as protamine, CpG motifs, and poly I:C 
RNA can be combined with unbounded IVT mRNA to 
enhance the ability of an mRNA vaccine to stimulate 
adaptive immunity as well [129].

Adjuvant effects can also be increased by some 
mRNA delivery systems, including cationic lipids and 
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protamine [117]. It has been demonstrated that MF59 
is a useful adjuvant that enhances immunogenicity. 
A cationic nanoemulsion (CNE) delivery system is 
described for the delivery of a self-amplifying mRNA 
vaccine. The proprietary adjuvant MF59 of Novartis is 
used in these nonviral delivery systems, and the system 
has also demonstrated enhanced immunogenicity and 
efficacy in animal models [130, 131]. Furthermore, 
the effectiveness of a cationic lipid 1,2-dioleoyl-
3trimethylammonium-propane/1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOTAP/DOPE), as a novel 
vaccine strategy for antigen-encoding mRNA, was 
investigated. Results showed that antigen-encoding 
mRNA complexed with DOTAP/DOPE displayed 
immune activating properties by releasing type I IFN 
and recruiting monocytes to drain the lymph nodes. It 
is demonstrated that type I IFN inhibits the expression 
of DOTAP/DOPE complexed antigen-encoding mRNA 
and subsequent immune responses to antigens. Hence, 
cationic lipids may enhance the effectiveness of mRNA 
vaccines by strengthening the adjuvant effect [132]. In 
addition, studies have shown that RNA condensed on 
protamine can be protected from degradation by RNase. 
In addition to activating TLR7 and TLR8, such complexes 
are danger signals that activate T-help 1 cells (Th1) [128].

mRNA vaccines against glioblastomas in clinical 
trials
Nowadays, sixteen clinical trials have been registered 
investigating the use of mRNA vaccines for the treatment 
of GBM. Among them, three trials have published their 
results, which will be discussed in detail below. All trials 
are summarized in Table 3 and Fig. 8.

A study (NCT00846456) conducted by Oslo University 
Hospital assessed the safety and scientific validity of 
DC-based therapy targeting GBM stem cells (GSCs). 
This Phase I/II trial, which began in January 2009 and 
concluded in February 2013, involved 20 participants 
who received intradermal injections of transfected DCs. 
The intervention included a DC vaccine containing 
mRNA derived from cancer stem cells (CSCs) and 
was administered in combination with standard GBM 
therapy. The primary objective was to evaluate the 
feasibility and potential adverse effects of this therapy, 
with secondary outcomes focusing on immunological 
responses, time to disease progression, and OS over 
5  years. Eligibility criteria included patients aged 18–70 
with histologically confirmed Grade IV GBM and 
suitability for combined radiation and chemotherapy 
(“Stupps regimen”). Exclusion criteria covered various 
factors, such as tumor location, prior malignancy, 
chronic infections, and pre-existing cardiac or medical 
conditions that might limit activity or survival. This 

study is the first to explore the safety, potential efficacy, 
and feasibility of active immunotherapy targeting GSCs, 
specifically in a well-characterized population of CSCs 
in solid tumors. The researchers used sphere-forming 
assays to demonstrate that sphere-forming ability is a 
strong negative prognostic indicator in GBM patients. 
Autologous GSC cultures were successfully created 
from 32 GBM biopsies, with a median patient survival of 
271  days when GSC cultures were formed. The vaccine 
production process involved GSC culture, RNA isolation, 
cDNA generation, and DC transfection with mRNA 
constructs. Patients who received DC vaccinations 
exhibited specific T-lymphocyte proliferation responses 
against GSC lysates, hTERT, and survivin peptides. 
Safety monitoring revealed manageable adverse events, 
comparable to standard therapy, and immune responses 
were observed despite the lymphopenia induced by 
TMZ treatment. MRI evaluations indicated initial 
tumor growth followed by a significant reduction in 
contrast-enhancing lesions. Compared to historically 
matched controls, vaccinated patients experienced 
longer progression-free survival (694 vs. 236  days), 
suggesting a potential therapeutic benefit. However, the 
study had limitations, including a small sample size and 
challenges in immune monitoring due to the limited 
GSC material. Despite these limitations, the study 
suggests that inducing a GSC-specific immune response 
without serious adverse effects is feasible, supporting 
the therapeutic potential of targeting CSCs in GBM and 
possibly other solid tumors [133].

In a 2015 study, researchers conducted a phase II 
clinical trial aimed at enhancing the efficacy of DC vac-
cines for GBM treatment by pre-conditioning vaccina-
tion sites with tetanus/diphtheria (Td) toxoids. The trial 
involved randomizing GBM patients to receive either 
Td pre-conditioning or unpulsed, mature DCs before 
receiving bilateral vaccinations with cytomegalovirus 
(CMV) phosphoprotein 65 (pp65) RNA-pulsed DCs. The 
results showed that DC migration to vaccine site drain-
ing lymph nodes (VDLNs) was significantly improved 
in patients pretreated with Td, which correlated with 
improved PFS and OS compared to those receiving DCs 
alone. Median PFS and OS were significantly higher in 
the Td-treated group, with several patients surviving 
longer than 36.6  months without progression. Notably, 
Td pre-conditioning significantly increased the patients’ 
survival, demonstrating its potential as an adjunctive 
treatment against cancer. This improvement was linked 
to increased migration of DCs to VDLNs, with correla-
tions observed between DC migration and both PFS and 
OS. The pre-conditioning with Td, known to elicit  CD4+ 
T cell responses, was also associated with an increase in 
pp65-specific immune responses, further bolstering its 
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effectiveness. In addition, parallel experiments in mice 
mirrored these clinical findings, demonstrating that 
Td pre-conditioning led to amplified DC migration to 
VDLNs, correlating with suppressed tumor growth. The 
mechanistic understanding revealed that the increased 
migration was related to C-C motif chemokine ligand 
3 (CCL3 or macrophage inflammatory protein-1α, 
MIP-1α), a chemokine found to be elevated in both 
patients and mice following Td pre-conditioning. Fur-
ther experiments pinpointed the necessity of CCL3 and 
Td-activated  CD4+ T cells for heightened DC migration, 
substantiating the pivotal role of these factors in enhanc-
ing antitumor responses. These findings not only high-
light the significance of pre-conditioning in augmenting 
DC vaccines but also underscore the potential of DC 
migration as a predictive biomarker for immunotherapy 
studies [134].

In a clinical trial involving a case of GBM, a 
combination of immunotherapy was administered 
alongside DC vaccines, anti-programmed death-1 
(anti-PD-1) therapy, poly I:C, and cyclophosphamide, 
all integrated with standard chemoradiation treatment. 
The patient achieved a disease-free status for 69 months. 
The DC vaccines were formulated with tumor antigens, 
which included mRNA-neoantigens, mRNA-TAAs, and 
tumor lysates oxidized with hypochlorous acid (HOCl). 
Furthermore, the mRNA-TAAs were enhanced through 
a unique TriVac approach that combines TAAs with 
a destabilization domain and incorporates them into 
full-length lysosomal-associated membrane protein-1, 
thereby improving the presentation of antigens by MHC 
class I and II molecules.

In a clinical trial, a GBM case with combination 
immunotherapy along with DC vaccines, anti-
programmed death-1 (anti-PD-1) and poly I:C and 
cyclophosphamide that was integrated with standard 
chemoradiation therapy, and the patient remained 
disease-free for 69  months. The patient received DC 
vaccines loaded with tumor antigens, including mRNA-
neoantigens, mRNA-TAA, and hypochlorous acid 
(HOCl)-oxidized tumor lysates. In addition, mRNA-
TAAs have been modified with a singular TriVac era that 
fuses TAAs with a destabilization domain and inserts 
TAAs into full-length lysosomal-associated membrane 
protein-1 to enhance MHC-I and II antigen presentation 
[135].

The clinical trial “AVeRT” (NCT02529072) investigated 
the safety and efficacy of combining nivolumab, an 
immune checkpoint inhibitor, with DC vaccines 
(Human CMV pp65-LAMP mRNA-pulsed autologous 
DCs) in treating recurrent Grade III and IV GBM. This 
open-label, randomized, interventional trial followed 
a parallel assignment model, dividing participants into 

two groups to assess the combination therapy’s safety, 
defined by the incidence of unacceptable toxicities, 
including severe adverse events and complications 
post-surgery. In Group I, patients received nivolumab 
at a dose of 3  mg/kg intravenously every 2  weeks for 
8  weeks before undergoing surgical resection. Post-
surgery, these patients continued treatment with 
nivolumab and received DC vaccines biweekly for a 
total of three doses, followed by additional nivolumab 
and monthly DC vaccinations for five more doses. 
Treatment with nivolumab continued every 2  weeks 
until disease progression. In Group II, patients initially 
received their fourth cycle of nivolumab, followed by 
the combined treatment of nivolumab and DC vaccines 
every 2 weeks for a total of three doses, then underwent 
surgery. After surgery, these patients resumed biweekly 
nivolumab and monthly DC vaccinations for five more 
doses, with nivolumab continuing every 2  weeks until 
disease progression. The trial enrolled six participants, 
all of whom completed the study. The participants in 
both groups were male, with a mean age of 52.9  years 
in Group I and 61.2  years in Group II. The primary 
outcomes focused on safety and evaluating toxicity 
during treatment, while secondary outcomes examined 
OS and PFS. The median OS was estimated at 8.0 months 
for Group I and 15.3 months for Group II, with a median 
PFS of 4.3 months for Group I and 6.3 months for Group 
II. Serious adverse events included hydrocephalus in one 
patient from Group I and various complications such as 
wound infections and falls in Group II.

An oncology study, NCT00626483, explored the 
use of basiliximab in treating newly diagnosed GBM 
patients undergoing targeted immunotherapy following 
TMZ-induced lymphopenia by Gary Archer from Duke 
University. This study aimed to determine whether 
basiliximab inhibited the recovery of T-regulatory 
cells after therapeutic TMZ-induced lymphopenia. A 
combination of basiliximab with CMV pp65-lysosomal-
associated membrane protein mRNA-loaded DCs and 
GM-CSF was investigated to determine its impact on 
the immune response against GBM. The trial design 
involved multiple assessments, including an evaluation of 
the safety of basiliximab, its effect on immune responses, 
alterations in immune cell profiles, progression-free 
survival rates, and immune cell infiltration in recurrent 
tumors. The study, which began on April 24, 2007, and 
ended on July 6, 2016, was conducted on 34 participants 
and explored the interaction between basiliximab, 
DC vaccines, and TMZ in treating GBM patients. The 
administration of daclizumab, coupled with a vaccination 
regimen involving CMV pp65 RNA-loaded DCs, 
adoptive transfer of naive lymphocytes, and subsequent 
DC vaccinations during TMZ cycles, showed promising 
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results. After TMZ treatment, patients exhibited an 
increased frequency of immunosuppressive  TRegs, 
which reduced following daclizumab administration, 
reflecting trends observed in preclinical models. 
Notably, the treatment did not hinder immune response 
enhancement, as four of six patients displayed an 
increase in pp65-specific T cells post-vaccination. 
Additionally, the treatment combination demonstrated 
good tolerability without adverse events related to 
immunotherapy; intriguingly, a majority of patients 
showed progression-free survival exceeding 24  months, 
underscoring the potential of this approach for further 
exploration in larger clinical trials. These findings are in 
the same line with preclinical studies, suggesting that the 
use of anti-IL-2Rα mAb in TMZ-treated GBM patients 
selectively enhances vaccine-driven antitumor immunity 
by reducing immunosuppressive  TRegs [136].

A clinical trial, NCT00639639, on vaccine therapy for 
treating patients with newly diagnosed GBM multiforme, 
aimed to evaluate the safety and efficacy of utilizing vac-
cines to stimulate the body’s immune response against 
tumor cells in patients with GBM multiforme. The study 
was completed by Gary Archer from Duke University, in 
collaboration with the National Cancer Institute (NCI). 
This interventional clinical trial enrolled 42 participants, 
utilizing a randomized phase I/II design to assess the 
impact of vaccine therapy in conjunction with radiation 

and chemotherapy, particularly TMZ-induced lympho-
penia recovery. The primary objective of this study was 
to determine whether DCs containing CMV pp65-LAMP 
mRNA with or without autologous lymphocyte transfer 
were feasible and safe. Secondary objectives included 
evaluating humoral and cellular immune responses, time 
to progression, and the differential ability of labeled DCs 
to track the lymph nodes under various conditions. Eligi-
bility criteria included individuals aged 18 or older with 
WHO Grade IV GBM, a KPS > 80%, and a Curran Group 
status of I-IV. Exclusion criteria included such factors as 
leptomeningeal or multicentric disease, prior anti-tumor 
therapy, pregnancy, continuous corticosteroid use, active 
infection, immunosuppressive disease, and previous 
inguinal lymph node dissection. The trial commenced 
on February 6, 2006, and ended on April 15, 2017. In this 
phase I trial, the aim was to assess the safety and effec-
tiveness of a novel approach: using pp65-specific DCs 
combined with GM-CSF after dose-intensified TMZ 
(DI-TMZ) in newly diagnosed GBM patients. The trial 
involved 11 patients who received DI-TMZ followed by 
at least three vaccinations of pp65-DCs combined with 
GM-CSF. The study evaluated the immune responses tar-
geting pp65 and their impact on long-term PFS and OS. 
The results showed a significant increase in pp65-specific 
immune responses after DI-TMZ and three doses of 
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pp65-DCs. Interestingly, despite an increase in  TRegs fol-
lowing DI-TMZ, patients who received pp65-DCs dem-
onstrated extended PFS and OS, surpassing predicted 
outcomes and matched historical controls. Notably, four 
patients remained progression-free at 59–64  months 
after diagnosis. This study suggests that despite increased 
 TReg levels post DI-TMZ, patients who received pp65-
DCs exhibited expanded antigen-specific immunity and 
prolonged survival, confirming earlier studies targeting 
CMV in GBM. This study demonstrates the potential of 
CMV-targeted immunotherapy to improve outcomes for 
newly diagnosed GBM patients [137].

In the clinical trial with ClinicalTrials.gov Identifier 
NCT02808364, titled “Personalized Cellular Vaccine 
for Recurrent GBM (PERCELLVAC2),” conducted by 
Guangdong 999 Brain Hospital in collaboration with 
Zhuhai Trinomab Pharmaceutical Co., Ltd., and other 
partners, the primary goal was to explore the potential 
of personalized immune cell-based therapy for recurrent 
GBM, a cancer known for its limited treatment options 
and poor prognosis. The study, initiated on March 1, 
2016, and completed on June 30, 2019, enrolled ten 
participants who had undergone tumor resection and 
met specific inclusion criteria, such as a Karnofsky 
Performance Status (KPS) of 70 or higher. The trial 
sought to assess the safety and efficacy of personalized 
DC vaccines pulsed with TAAs derived from the 
patient’s tumors. The trial involved several key steps: 
after tumor resection, GBM-associated antigens were 
identified and used to generate IVT mRNA for pulsing 
the DCs. Patients received biweekly vaccinations with 
these personalized DCs, and their T cell responses to the 
tumor antigens were closely monitored. The treatment 
regimen also included low-dose cyclophosphamide, 
poly I, imiquimod, and anti-PD-1 antibodies to enhance 
the immune response. The study’s findings revealed that 
among the ten patients treated, seven showed specific 
 CD4+ and/or  CD8+ T-cell responses to the TAAs, 
which was indicative of the vaccines’ ability to stimulate 
an immune response. Importantly, no severe adverse 
events (Grade III/IV) were reported, suggesting that the 
treatment was well-tolerated. The survival outcomes 
were particularly notable: the median survival time for 
patients with advanced lung cancer was 17 months, and 
for those with GBM, it was 19  months, compared to 7 
and 11 months, respectively, in a control group receiving 
standard treatments at the same institution [138].

Safety aspects
No mRNA vaccine has been approved all over the world 
before 2020. As the SARS-CoV-2 pandemic continues, 
safety concerns have grown more important after 
licensing several mRNA vaccines against it in 2020. 

Various mRNA vaccines have now been tested in phase I 
through IIb clinical trials, and it has been established that 
they are safe and generally accepted [108].

Current preventive vaccinations must adhere to 
stringent safety standards since they are administered 
to healthy individuals. In contrast to other vaccine 
platforms, such as inactivated virus, viral vectors, live 
virus, and subunit protein vaccines, the manufacture 
of mRNA does not necessitate the use of hazardous 
chemicals or cell cultures that may become 
contaminated. Additionally, there are few possibilities 
for contaminating microorganisms to enter due to the 
quick mRNA production. Potential risks of infection or 
incorporation of the vector into the host cell DNA for 
mRNA in vaccinated individuals are not an issue. Due to 
the factors mentioned stated above, mRNA vaccines have 
been regarded as a generally safe vaccination formulation 
[109].

Among the potential safety issues, which will probably 
be investigated in future preclinical and clinical 
studies, are immunogen expression, biodistribution 
and persistence, local and systemic inflammation, any 
delivery system non-native nucleotides, and potential 
toxic efficacy of the component and stimulation of auto-
reactive antibodies. One probable issue is that some 
platforms of mRNA-based vaccines prompt strong 
responses of type I IFN, which has been linked to both 
inflammation and autoimmune. Therefore, identifying 
those with a higher risk of autoimmune responses before 
mRNA vaccines may need appropriate safeguards. In 
addition, another safety risk is extracellular RNA during 
mRNA vaccine administration. Extracellular naked RNA 
increases the permeability of densely endothelial cells, 
which may help explain why edema occurs. Extracellular 
RNA increases blood coagulation and development of 
pathogenic thrombus, according to different research. 
Thus, due to various mRNA methods and delivery 
systems being used for the first time in people and being 
tested in larger patient groups, safety will need to be 
continually evaluated [109, 139].

Regulatory aspects
Over the last few years, clinical trials for human 
mRNA vaccines and marketing authorization 
applications have increased significantly, and this 
trend is expected to continue. Preclinical and clinical 
findings indicating biodistribution and durability in 
mice, animal model protection (ferrets), and local 
reactogenicity, immunogenicity, and toxicity in humans 
were highlighted in a recent study of an mRNA vaccine 
against the influenza virus. As mRNA products gain 
prominence in the vaccination sector, it is expected 
that precise guidelines will be produced, outlining the 
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need for developing and testing novel mRNA vaccines 
[140]. WHO is attempting to convene international 
discussions between producers, regulators, and vaccine 
developers to assess existing research evidence, address 
major concerns, and create consensus on science and 
technology expectations for safeguarding the efficacy, 
safety, and quality of mRNA vaccines [109, 141]. 
Moreover, the FDA and the European Medicines Agency 
(EMA) have not guided mRNA vaccination preparations. 
On the other hand, the growing number of clinical 
studies conducted under EMA and FDA supervision 
demonstrates that regulators have considered the 
methodologies presented by different organizations to 
establish that products are safe and suitable for testing 
in humans. Because mRNA falls within the broad 
vaccination category of genetic immunogens, many 
of the guiding concepts developed for DNA vaccines 
and gene therapy vectors may be used for mRNA with 
modest modifications to represent the specific properties 
of mRNA [109, 142, 143].

Therapeutic considerations and challenges 
and limitations
Despite the enthusiasm in the mRNA-based immune-
oncology field, challenges persist before clinical 
implementation, particularly in the context of GBM 
[117]. The effectiveness of mRNA vaccines against 
gliomas remains uncertain, largely due to the tumor’s 
heterogeneity and its immunosuppressive environment.

Tumor heterogeneity
A major obstacle in using mRNA vaccines for GBM 
treatment lies in the tumor’s heterogeneity. GBM tumors 
consist of a complex mix of cell types, each potentially 
harboring distinct genetic mutations and expressing 
varying surface antigens. This diversity poses a signifi-
cant challenge for developing a universal vaccine that 
can effectively target all tumor cells, as mRNA vaccines 
depend on the immune system’s ability to recognize and 
attack specific TAAs, which may not be consistently 
expressed across all cancer cells. GBM cells do express a 
range of TSAs and TAAs, both of which are crucial for 
vaccine design. TSAs are exclusively found in tumor cells 
and are often unique to individual patients, resulting 
from genetic mutations that produce novel peptide frag-
ments (neoantigens), abnormal post-translational modi-
fications, or viral infections. In contrast, TAAs are more 
commonly found in tumor cells, but can also be found in 
normal tissues. There is a risk that targeting these anti-
gens could inadvertently trigger an immune response 
against normal tissues, leading to autoimmune com-
plications. However, clinical trials have shown a more 

promising immune response to TAAs than to TSAs [8, 
144, 145].

Immunosuppressive microenvironment
The TME in GBM plays a critical role in shaping 
the efficacy of mRNA vaccines and poses significant 
challenges due to its complexity and heterogeneity. 
GBM tumors are characterized by a diverse molecular 
and cellular landscape, with tumor stem cells (TSCs) 
contributing to the formation of distinct cellular niches 
within the tumor. These TSCs, similar to normal stem 
cells, possess the ability to self-renew and differentiate 
into multiple cell types, further complicating the 
uniform targeting of tumor cells by mRNA vaccines. 
The variability of TSC populations in different GBM 
tumors exacerbates this challenge, as these cells often 
express higher levels of drug resistance proteins and 
anti-apoptotic genes, making them more resistant to 
treatments, including immunotherapies. In addition to 
intrinsic cellular diversity, the TME in GBM significantly 
influences the immune response. The interaction between 
malignant cells and the surrounding microenvironment 
facilitates tumor growth and impedes effective immune 
surveillance. Tumor-associated myeloid cells (TAMCs), 
including macrophages, microglia, and MDSCs, are 
prominent within the GBM TME. These immune cells 
typically adopt an immunosuppressive phenotype, 
secreting factors such as interleukin-10 (IL-10) and 
transforming growth factor-β (TGF-β), which suppress 
T cell activation and infiltration. In addition, TAMs 
in GBM often lack critical costimulatory molecules 
necessary for lymphocyte activation and instead, 
upregulate immunosuppressive ligands such as B7-H1 
and Fas ligand. This immunosuppressive milieu within 
the TME not only hampers the efficacy of the immune 
system’s natural response to the tumor, but also poses 
a significant barrier to the success of mRNA vaccines, 
which rely on a robust and active immune response to 
target and eliminate tumor cells [146–149].

Blood–brain barrier
The BBB presents a formidable challenge to the 
treatment of GBM with mRNA vaccines. This complex 
neurovascular structure, consisting of endothelial cells, 
pericytes, astrocytes, microglia, and smooth muscle 
cells, serves as a protective shield for the brain by 
tightly regulating the entry of substances. While the 
BBB is critical for maintaining neural homeostasis and 
protecting the brain from toxins, it also severely limits the 
delivery of therapeutic agents to brain tumors. Molecules 
must possess certain properties, such as lipophilicity and 
a molecular weight below 500  Da, to cross the BBB by 
simple diffusion. However, the impermeability of the BBB 
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limits the effectiveness of many potential treatments, 
including mRNA-based therapies. Overcoming 
this challenge necessitates sophisticated nanoscale 
formulations that can navigate the BBB to specifically 
target GBM cells while minimizing adverse effects on 
healthy brain tissue [150–153].

In the context of GBM, the immune privilege of the 
central nervous system (CNS) further complicates the 
development of effective mRNA vaccines. This immune 
privilege results from the combined effects of the BBB, 
the paucity of MHC class II expressing antigen presenting 
cells, and the unique metabolic environment of the CNS. 
These factors create a formidable barrier to immune 
responses in the brain. Innovative approaches are being 
explored to overcome these barriers. For example, 
enhancing lymphangiogenesis in the brain with mRNA-
encoded VEGF-C nanoparticles has shown promise 
in preclinical models. This strategy not only improves 
T-cell recruitment to GBM tumors, but also facilitates 
tumor antigen delivery to cervical lymph nodes, 
potentially enhancing the efficacy of mRNA vaccines 
when combined with immune checkpoint inhibitors. 
However, these approaches are still in the experimental 
stage, and the challenge of effectively delivering and 
activating mRNA vaccines in the highly protected CNS 
environment remains a significant hurdle [154, 155].

Vaccine stability and delivery
The stability and delivery of mRNA vaccines pose 
significant challenges, particularly in the treatment of 
GBM. mRNA is inherently unstable and prone to rapid 
degradation in the body. In addition, the large size of 
mRNA molecules hinders their uptake by cells. To 
overcome these challenges, various techniques such as 
chemical modification and encapsulation using LNPs 
have been developed to improve both stability and 
delivery. Innovative formulations such as liposomes, 
polysomes, and lipoplexes have been explored, with 
LNPs showing great promise. These LNPs, composed 
of specific lipid mixtures, are currently being tested in 
clinical trials to improve the safety and efficacy of mRNA 
delivery [150, 156, 157].

Conclusion and future perspectives
mRNA vaccines have shown promise for treating various 
diseases, especially GBM. They offer advantages such as 
faster production, affordability, and flexibility, making 
them a potential option for GBM immunotherapy in the 
future. However, it is important to acknowledge that the 
use of mRNA vaccines for GBM treatment is still in the 
initial stages, and more research and clinical trials are 

needed to fully understand their therapeutic potential. 
The efficacy of mRNA vaccines in targeting specific 
tumor cells and inducing a robust immune response in 
the GBM tract is an area of ongoing investigation. In the 
future, advancements in the mRNA vaccine technology 
and our understanding of the immune response in 
GBM may lead to the development of more targeted 
and effective mRNA-based immunotherapies. With 
continued research and clinical studies, we hope to 
uncover new strategies to enhance the efficacy of mRNA 
vaccines and improve outcomes for patients with GBM. 
Overall, while mRNA vaccines hold promise for the 
future of GBM treatment, further research is required to 
validate their effectiveness and optimize their therapeutic 
role in combating this challenging disease.
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